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in most cases the magnitude of the recoil energy has been about the same. In the present studies use was made
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CHEMICAL EFFECTS OF PHOTONUCLEAR REACTIONS 
IN THE PROPYL BROMIDES+ 
by 
A. E. Richardson and A· F. Voigt 
ABSTRACT 
When nuclear reactions occur in atoms in molecules 
chemical changes follow as a reSult of the recoil of the 
product atoms. The nature of these ·chemical ·changes has 
been studied intensively for · a number of . systems but in 
most cases the . magnitude of the recoil energy has been 
about the same. In the present studies use was made of 
a much greater recoil energy than tha't normally used. 
The reaction Br( o , rn, )Br* gi)[es a recoil bromin~ a tom with 
an energy of the order o~ lO~ev, compared to 10 ev fbr the 
product of the Br(~, a )Br* reaction which is usually used. 
The chemical nature of the products resulting when the 
propyl bromides were irradiated with neutrons and 70-Mev 
gamma-rays was studied by established techniques. It is 
possible to differentiate between the reactions which occur 
while the recoiling bromine atom stili is highly energetic, 
or "hot 11 , and those which occur after it has been slowed 
down to thermal energies. The products of the hot reactions 
show little dependence on the initial recoil energy. In 
the case of the thermal reactions, the higher energy recoil 
produces a greater number of products which are different 
from the origina1 molecules. This can be attributed to the 
presence of a higher concentration of free radical frag-
ments which are produced in slowing down the higher energy 
recoiling atom. These fragments combine with the radio-
active bromine after it has reached thermal energies to 
form a greater variety an~ amount of ' new prbducts. 
+This report is based on a Ph. D. thesis by A. E. Richardson 
submitted December, 1956, to Iowa State College, Ames, Iowa. 
This work was done under contract with the Atomic Energy 
Cotnmission. ; • 
INTRODUCTION 
The phenomenon of chemical change as a ~esult of recoil 
from nuclear reactions was first observed by Szilard and 
Chalmers (1) who showed that the radioactive atoms formed 
by neutron capture could be separated from the parent 
molecules and concentrated. This discovery opened up the 
field of resear~h in the chemical effects of nuclear trans-
formations, the so-called "hot-atom" chemistry . 
When an atom undergoes a nuclear transformation, it 
must by momentum considerations acquire an energy of recoil. 
In many such transformations this energy is much greater 
than the energy by which the atom is held in chemical 
combination. The x•esul t is that the atom will be freed 
from its original molecular state. There can be little 
doubt that the recoiling atom will break some, perhaps 
many, chemical bonds as it loses its recoil energy, but the 
exact processes by which the recoil atom does or does not 
re-enter into chemical combination al."e sti.ll far from being 
well understood. 
The 11hot-atom11 chemist has, in general, made the attempt 
to determine the chemical forms in which the ~ecoil atoms 
are finally found and how varying the conditions of temper-
ature, phase and composition affect the relative amounts 
of these radioactive chemical forms. In this way he has 
hoped indirectly to get at the mechanisms involved. 
By far the greatest number of studies in this field 
have been concerned with recoil atoms activated by thermal 
neut~on capture. Several studies have been carried out 
with atoms activated by isomeric transition ¥-rays. In 
this second case the recoil is usually not great enough 
to rupture chemical bonds~ but in cases where internal 
conversion occurs the atom is left in a highly ionized 
state and decomposition occurs as a result of the ioniza-
tion. A few studies hav~ been carried out involving atoms 
chemically activated by ~-decay and;9-decay in which case 
the atoms produced are non-isotopic with target atoms. 
Other investigations in which non-isotopic product atoms 
are produced have been concerned with (n,p), (n,~ and 
(p,n) reactions. Recently (n,2n) and (d,p ) reactions 




Perhaps the least used method of activation has been 
that using high energy a-rays. Because of the availability 
of the 65-Mev Iowa State College Synchrotron, it was felt 
that a study involving photoactivated recoil atoms might 
be successfully carried out. A primary concern in such a 
study is the extent of radiation damage to the target 
compound in the very high X-ray fluxes involved when photo-
activation is used. However, if the radiation damage were 
found to be of little importance the information gained 
from studies such as these could provide valuable comparison 
to the previous (n,~) work. 
Recent investigations by Fox and Libby (2), and Friedman 
and Libby (3) have involved the dete~mination of the yields 
of the va~ious radiobromide compounds formed during the 
thermal neutron irradiation of the propyl bromides. Further 
work along these lines has been carried out by Chien (4), 
and Evans and Willard (5) have very recently reported a gas 
phase chromatographic method of determining the relative 
yields of organic products which indicates that about twice 
as many products are produced in the propyl bromides a~ 
had previously been reported (2,4). Since 4.6-hour BrbOm 
can be produced both by (0,n) and (n,6) reactions, the 
propyl bromide system seemed a logical one with which to 
start the comparison of the two methods of activatioo. 
In the case of the (d,n) reaction the initial energy of 
recoil would be much greater, and the importance of the 
initial recoil energy could be elucidated by comparing the 
results from the two activation methods. Such considerations 
as ·these have prompt ed the present investigation of the 
chemical effe_cts which result from the photonuclear activa-
tion of the propyl bromides. 
The historical development of the whole field of "hot-
atom" chemistry pl"'ovides a striking example of the intel"'-
dependence of chemistry and physics. To give the reader a 
better appreciation of the field as it now stands, a fairly 
complete review of the literature is presented in the next 
section. For further information one is referred to the 
excellent reviews of the field compiled by Willard (6,7) 
in 1953 and 1955. 
·' ! ~· ~: 
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REVIEW OF THE LITERATURE 
Discovery and Early History of "Hot-Atom" Chemistry 
Not long after the discovery of the neutron E. Fermi 
and his coworkers (8, Amaldi and others) showed that a 
large number of elements are capable of capturing neutrons 
to form radioactive isotopes, especially if the neutrons 
are slowed to thermal energies. One disadvantage connected 
with these product radioactivities was that they were isotopic 
with the target, and no chemical technique by which they 
could be separated from the target atoms was known at the 
time. There was, however, an increasing demand both by 
physicists and by reseaz•chers in various other fields to 
produce these isotopes in high specific activities. 
It was theorized that about 0.009 mass units would be 
converted into energy (about 7 to 9 Mev) in the neutron 
capture process. Since beta decay following such activation 
took care of only 2 Mev or less, it was suspected that 
a-rays would be given off with ~ximum energies of 5 to 7 
Mev. The observation that such 6 -radiation accompanied 
neutron capture was reported by D. Lea (9), who observed 
~-radiation accompanying neutron capture by hydrogen to 
form deuterium. 
Soon after Lea's discovery, Szilard and Chalmers (1) 
performed their very important experiment. They irradiated 
ethyl iodide ' containing a trace of iodine with neutrons 
from a Rn-Be source. Following the irradiation they shook 
the ethyl iodide with an aqueous reducing solution and 
precipitated silver iodide. By this method they were able 
to increase the counting rate by a factor of ten. Such _an 
increased specific activity could only be explained on the 
basis that bond rupture had occu~red as a result of recoil 
from the nuclear reaction. 
For ~-rays of the energies ~redicted the recoil energy 
would be about 100 ev for an . rl25 atom. Since the carbon-
iodine bond has an energy of only about 2 ev there was little 
doubt that this recoil could cause bond rupture. Several 
early workers (10.1lll,J.2) .reported ene:-gies of capture o-rays 
ranging up to about 7 Mev which gave further proof that 
bond ruptu!'e must have occur1. .. ed. 
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The Szilard-Chalmers technique was immediately given 
widespread use in producing high specific activity sam~les 
of (n,~) induced activit ies . Erbacher and Philipp (13} 
ang Sue (14,15) ~eported minimum enrichment factors of 2.4 x 
10 and 2.3 x lOb~ respectively, for Szi l ard-Chalmers techniques 
in which irradiated organic halides were extracted without 
resorting to isotopic carriers. 
The literature contains many reports of investigations 
in which the Szilard-Chalmers method has been applied to 
produce high specific activity for various types of problems 
involving tracers (1 6,17,18 ,19,20,21,22,23,24,25,26). The 
Szilard-Chalmers technique can be used to increase the 
specific activity only if the rate of thermal exchange 
between the parent compound and the recoil atoms is quite 
slow. 
There have been some reports that bond rupture may 
not have occurred in the pile irradiation of cystine (27) 
and vitamin B12 (28 ). If such were the case vttamin B12, 
for instance, could be tagged directly with cobO without 
going through a complicated synthesis. However, more recent 
workers (29,30) have found no evidence for such tagging in 
the case of vitamin B12 • 
A recent study made by Boyd, Cobble and Wexler (31) 
involved the application of the Szilard-Chalmers technique 
to pile irradiated KBro3 . They reported a 22,000 fold 
enrichment of 35.9-hour Br82, but they also found that the 
specific activity decreased with time and was independent 
of the intensity of the source. This indicated that radia-
tion decomposition was not important, but that the free 
radicals were re'combining, possibly with the help of the 
radiation. 
In the case ·of compounds less stable than KBr03, the 
amount of radiation decomposition could be very important. 
If, for instance, an .appreciable fraction of inactive atoms 
were released by radiation damage, they would greatly 
diminish the specific activity of the active atoms released 
by ~-recoil. 
The fact that not all of the radioactive atoms could 
be removed from organic target compounds by the Szilard-
Chalmers technique prompted ea.n1ly workers to investigate 
the chemical nature of the compounds in which the radio-
active atoms were "retained". The methods applied involved 
the addition of macroscopic amounts of the compounds expected. 
The radioactive molecules would be carried in the various 
compounds. These could then be separated and counted to 
determine the relative yields of the various suspected 
radioactive forms which were produced inthe retention 
process. 
Gluckauf and Fay (32) carried out the first detailed 
investigation of the chemical effects of radiative. 
neutron capture. These workers selected the alkyl halides 
for their studies because it was known that halogen atoms 
exchanged very slowly with alkyl halide molecules. They 
were able to show that active iodine and bromine atoms 
could substitute for either hydrogen or halogen atoms 
in the process of losing their recoil energies. ThusJ 
although thermal exchange was not taking place it definitely 
appeared that exchange with high energy or "hot" atoms 
was taking place. 
The main bulk of the work in "hot-atom" chemistry has 
involved the s~udy of the chemical effects resulting from 
r adiative neutron capture much like the pioneer~ work 
of Gluckauf and Fay; and alkyl halide systems have received 
the most study because of their relatively simple chemical 
properties and the favorable nuclear properties of the 
halogens. 
Chemical Effects of Activation by Isomeric Transitions 
The isomeric transition method of activation provides 
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a very clear example of the interdependence of physics and 
chemistry. Segre, Halford, and Seaborg (33) 8and, independentl~ Devault and Libby (34) showed that 18 - ~in Br 0 is the isomeric 
daughter of 4.6·-hr Br80m. Each used the Szilard-Chalmers 
technique of extracting the Br8o85toms away f rom the parent 
compound. In the case of the Br m transitionJ the recoil 
energy expected from the 43-Kev 6-rays (35,36) is only about 
0.02 ev. If the o-ray were converted in the K-shell, the 
recoil energy would still be only about 0.2 ev. Since most 
bond energies fall in the range from 2 to 5 ev it is apparent 
that recoil would not be sufficient to cause bond rupture. 
It was finally shown very definitively by Seaborg, 
Friedlander, and Kennedy (37) that bond rupture requires 
internal conversion of the low energy transition a•s. They 
prepared gaseous tellurium diethyl cgntaining Tel 7 and 
Tel29 and zinc diethyl containing Zn 9. It was found that 
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no bond rupture occurred in the case of the zinc diethyl 
even though the transition (~ray for zn69 had an energy of 
0.47 Mev. Howeve~, a definite amount of tellurium activity 
was separated from the tellurium diethyl as a result of the 
transitiono's of Te127 and Tel29. The energies of these 
t• s were known tg be about 0.1 Mev or about one-fifth 'the 
energy of the Zn 9 transition ~ -r•ay. Gamma recoil could 
therefore not explain the bond l~pture in the tellurium 
diethyl. It was ~nown~ however» that the o's in tellurium 
were largely conve:r:."ted whe1•eas those in zinc were not. 
These authors thus predicJGed that the high state of electronic 
excitation that results from the loss of a conversion electron 
is responsible f or the accompanying isomer separation process · 
due to the operation of the Franck-Condon principle. Not long 
after the above wo:rk was car:r1ed out Cooper (38) showed 
theoretically that internal conversion or K-capture can 
cause bond TUpture by means of Auger processes (39). In 
these processes the vacancy in a low lying shell results 
in readjustment of several electrons to fill the vacancy. 
In a recent investigation Wexler and Davies (4o).ha.ye shown 
that the average cha~ge l~esulting from the B;r-80ll~flrOO transi-
tion is olus ten. Miskel and Perlman (41) have shown that 
the average cha~ge on Cl37 formed by electron capture in A37 
is about plus 4. · 
The importance of discussing the chemical effects 
resulting from isomeric transition, in which recoil energy 
plays little part in bond rupture, may not be evident at 
first. It8is apparent that the only energ~ which the highly 
charged Br 0 atom will have following the Q-tx•ansiti,on will 
be that resulting from the repulsion of positive nuclei and 
the attraction of planeta::t"Y electrons. It must therefore 
depend mainly on electronic excitation to get back into 
chemical comb~nation. One might expect ionic reaction 
mechanismso / on the other hand, in the case of recoil 
fPGm- thermal neutron capture ¥-raysJ the energy of the f~eed 
atom is great enough to cause fragmentation in the medium. 
If the medium were essentially one which involved covalent 
bonds.)' the highest probability is that such fragments would 
be free radicals. In the (n,~) case one would expect that 
~PY cha~ge the recoil atom might acquire as a result of the 
a-emission would most likely be neutralized long before the 
atom had become " th0~:m..a.l ized"$ that is, in thermodynamic 
equilibrium with the sui•rounding medium~ This would be 
expected because of t he many collisions required to lower 
its energy to a thermal one. Thus in the case of (n,~) 
reactions one :.might expect pl•edominantly free radical type 
mechanisms, and, if so, chemical effects resulting from the 
(n,o) processes would mos t likely be quite diffe~ent from 
those resulting from isome~ic transitions. 
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Apparently bopd rupture does not always occur as 
a result of the BrbO~reo transition. Experiments with 
bromine compounds which were designed to prevent re-entry 
of a freed atom back into the parent molecule have shown 
that anywhere from 0 to 100% of the bromine may be retained 
(42,43,44). Thus, there is definite evid~nce that even 
with an average plus charge of 10 in a BrbO atom, bond rupture 
may not take place. 
Magee and Gurnee (45) have indicated, among other things, 
that the lowest electronic states of simple HBr+x molecules 
may be homopolar states whic~ ar~ stable with respect to 
dissociation into~ and Br+\X-lJ. This is somewhat borne 
out in the data of Hamill and Young (42) in which gaseous 
HBr shows an apparent failure of bond rupture 25% of the 
time and DBr, 16% of the time. 
Most comparative studies have shown that (n,o) 
activation and isomeric transition lead to somewhat different 
chemical effects. This might have been expected on the 
basis of the preceding discussion. How?ver, there has 
been some experimental evidence to the effect that some 
of the ¥ •s given off in (n,o) reactions are of low enough 
energy t o be similar to isomeric transition o•s and ~re 
emitted quite long after, ~ the initial bond rupturing ~·s. 
These delayed a 's could gi~e risg to chemical effects 
similar to those of the BrbOm7 Br 0 isomeric transition. 
Hibdon and Muehlhause (46) have observed thi4conversi gn elect~Qns from neutron capture in 48Cdll3, 62Sm 9, 64G~ 0 d, 80Hgl~~ with a 180° ~-ray spectrograph. The expected life-
tim~s of the transitions are in the range of from lo-12 to 
10-~ seconds. Also, other recent data have shown evidence 
of a positive charge on the recoil atoms resulting from 
(n,~) activation. Wexl~r and Davies (47) have repo~ted 
that at least 12% of BrbOm, 25% of Br82, 50% of rl2b, 
and about 18% of Br80 is positively charged during 
stabiliza t ion of the product nucleus following neutron 
capture. Yosim and Davies (48) have shown that the majority 
of the gold and indium atoms which recoil from thin films 
of gold and indium during neutron irradiation are positively 
charged. This charge must be produced by some kind of an 
internal conversion process which must occur long enough 
after the emission of the initial energetic (-rays to allow 
the atoms to leave the surface, or their charge would be 
neutralized before they escaped. 
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Ho~nig, Levey and Willard (49) have s~~~n that ig about 
45% o~8the neutron captu~a events in the I (n,~)Il2 reaction CH3I1~ is produced when ~ mixture of I2 and CH4 is irradiated. 
In the same experiment Il 1 was introduced as molecular iodine, 
and Il3l atoms were produced photochemically. Production of 
CH~Il31 was not observed, indicating that the mechanism did 
not involve free radicals. These workers postulated that 
the rear~~on must occur in an inve~sion type step between 
a hot I atom and a methane molecule. They suggested that 
the reaction occurs as a result of internal conversion of 
part of the energy of the (n~o) process ~ather than completely 
as a result of the kinetic energy. 
The system which has given the widest variation of 
results for the two methods of activation is that of a mixture 
of bromine and toluene. The ratio of toluene bromide to 
benzyl bromide as determined by G-avoret and Ivanoff (50) was 
0.12 by isomeric transition and 0.8 by neutron capture. The 
ortho/meta/para ratio in both cases was 4/2/1. 
Bohlman and Willa~ (26, 51) hav~ made a comparison using 
a mixture of bromine and tetrachloroethylene. They found 
organic yields of 37% in the liquid solution and O% in the 
gas phase for the (n,~) process, in contrast to 85% and 19%, 
respectively, for the isomeric transition p1•ocess. The 
double bond seems to exhibit a much greater affinity for 
the isom~ric transition activated Br50 than for the (n, ~) acti·-
vated Br~O. Similar results on a less marked scale have 
been observed in the systems Br2-CCl4 (51,52) and Br2-CCl3Br 
(53). In the Br2-CCl4 liquid solution the total organic 
yields depended gBon the modS of activation. However, the 
yields of Cvl3Br , CCl2BrBr 0 and highe~ boiling products 
were, within the experimental error, in the same ratio 
regardless of the mode of activation. One thus suspects 
that the chemical yields wel"'2 dependent on the relative 
probabilities for the occurrence of the various types of 
collisions necessary to produce the given products. 
Ve17 recently Levey and Willard (54) have carried out 
an 1nvestigS8ion of the8yields of organic products resulting from the Br m(I.T.) B~ D reaction in the propyl bromides. 
The relative yields are found to be strikingly si~ilar8to the results previous1y determined fo· .. the Br7~(n,6) Br Om 
reaction in the propyl bromides (2~4). 
Some questions come to mind as con~rrmg the compar~~on 
of these two methods. How might the results from the (c,n) 
mode of activation be expected to compare with those from 
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the above two methods? How would the much greater recoil energy 
enter in, and would there again be the possibility of 0 's 
being given off as the compound nucleus stabilizes itself 
into the radioactive product? Perhaps experimental results 
on the chemical effects of the (t,n) process will help to 
answer these questions. 
Chemical Effects of Activation by Radiative Neutron Capture 
Gas Phase Investigations 
Studies of the chemical effects resulting from the . (n,~) 
process in gaseous systems have been fruitful in explaining 
various aspects of "hot-atom" chemistry. 
Dancoff and Kubitschek (55) have recently reported that 
the total energy of o-rays emitted in the radiative neutron 
capture process is 5 to 10 Mev. Using the momentum equation, 
EM = 536EE/M ev, 
where E i is the ~-ray energy in Mev and M is the mass of the 
recoiling atom in amu, one can determine the recoil energy 
of that atom. If one assumes that a single ~-ray is given 
off and that the atom has a mass of 100, then the recoil 
energy will be about 150 ev. Since chemical bond energies 
range from 2 to 5 ev there is little doubt that bond rupture 
would take place in such a case. However, in general, two 
to six t-rays are given off (56). There is the possibility 
that these are given off simultaneously and with such 
angular relation that the momenta would cancel,giving yery 
little recoil energy to the activated atom. This is a small 
fraction as shown by Cobble and Boyd (57) ~po calculated 
that the portion of atoms from the Br8l(n,o) Brb2 reaction 
which receive less than 10 ev recoil energy is about 5, 3 
and 1.5% for the emission of 6, 4 and 3 c-rays, respectively. 
As w~ brought out earlier, there is indication that some of 
the 5-rays are given off much later than the initial one, 
in which case they would not be simultaneous and the momenta 
would not cancel. Molecular vibrations have periods of the 
order of l0-~4 seconds and if the elapsed time between the 
emission of o's is longer than this, the t's will not act 
as if simultaneous as far as bond rupture is concerned. 
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Suess (58) has indicated that if the molecule containjng 
the activated atom is not dissociated immediately the whole 
molecule may :oecoil. In such a situation the internal 
energy, E1 , available for bond x•upture, is the difference 
between the recoil energy of the activated atom and that of 
the whole molecule, 
Ei = Ero(M' /[M' +Mj) 
where M is the mass of the activated atom and M' is the mass of 
the rest of the molecule. Perhaps this explains why ~illiams 
and Hamill (42,59) have found tbat some 25% of the Br 0 atoms 
resulting fl"Om the Br79(n, ~) Brt50 p:;.,"ocess in a mixture of 
HBr and a trace of o<.,,B..dibromoethylene remain in organic 
combinationo Since these workers had pretty well established 
that all thermalized br~mine atoms would enter organic 
combination only by exchange with the olefin, the only 
possibility other than nonrupture of the bond would be that 
an exchange reaction involving "hot" atoms occurs. These same 
workers (59) have shown that about 13% of the bromine atoms 
activated by the Br79(n.? o) BrbO pz•ocess in ethyl bromide 
at 700 mm pressure form HBr by a "hot" reaction (Br + Rh7R + HBr) 
before they have been thermalizedo Hamill and Young (42) 
believe that this same type of reaction occurs to a certain 
extent in the ca~e of activation by isomeric transitio.n 
in gaseous CH~BrbOm. There is also evidence that 1 to 3% of 
the recoil haiogen atoms from the neutron irradiation of 
gaseous ethyl bromide (59) and gaseous ethyl iodide (59) 
may re-enter ore;;anic combination by "hot" processes. 
Other studies (60,61,62,63,64, 65) in photochemistry and radia-
tion chemistry have indicated that "hot atom" and "hot r~adical 11 
reactions may be importanto 
Apparently such considerations as momentum cancellation and 
energy available for bond rupture are seldom of importance 
in gas phase reactions induced by neutrons, since almost 
complete bond rupture has been noted in nearly all investi-
gatio§8· Wexler and Davies (47) have reported 1% retention 
of Br m in ethyl bromide, Libby (66) had previously reported 
5% in the same system at high gas p:ressu1•es and Suess (58) 
had reported 3% from measurements on the Br~O isomer. Other 
cases which leave little doubt that the (n, o) process is 
nearly 100% eff'i§ient in pr•oducing bond ruptm ... e az•e the 2% 
retention of Clj activity from the (n,~) reaction on 
butyl chloride (67) and the less than 1% retention of Br82 
in CF~Br (68)o One would expect that if bond rupture occurs in 
the g~s phase it would also occu:o in condensed phases. 
Rice and Willard (63 ) have noted that the organic yield 
in CF~Br increased as a function of gas density. They felt 
that this might be explained by assuming that the diffusion 
coeffic ients of the organic radicals formed around the 
r ecoil atom are decreased more by the density increase than 
are the diffusion coefficients of the inorganic fragments. 
Such a consideration will be discussed later in connection 
with organic yields in condensed phases. 
Investigations Involving Oxy-Anions of Inorganic Salts 
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A few studies have been carried out on the chemical 
effects of the (n,~) reaction which occur in inorganic salts 
containing oxy-anions. No distinct comparison with the effects 
produced in the alkyl halides can be made because of the 
different chemical nature of these two types of substances. 
The chemical effects which have been noted in the inorganic 
studies seem to indicate that a range of recoil energies 
exists for a given (n,6) transition. Thus, ' 9% of KBro3 
irradiated in a pile appears . to exhibit no bond rupture (31) . 
Cleary, Hamill and Williams (69) have found 20% reten-
tion as I03- from neutron irradiated solutions of NaiO~ · 
over a wide range of concentration and pH. However, tlie 
yield was reduced to 6%, but no lower, by the addition of 
I- or CH30H and raised to 40%, but no higher, by the presence 
of I04-. These results indicate that in 6% of the cases no 
bond rupture takes place; in 34% of the cases an unstable 
intermediate Io2- is formed which is affected by the presence 
of oxidizing and reducing agents; and in the remaining 60% of 
the cases IO- and I- are formed which are not affected by the 
presence of I04-. The fact that a varying number of I-0 
bonds are ruptured is indicative of either a distribution 
in recoil energies or in the probability of decomposition 
of a highly excited I04- ion into various lower oxidation 
states. 
It will be evident later that a similarity exists 
between the_ results of these oxy-anion studies and the 
results where alkyl halides are involved, at least in a 
general sense. Some chemical effects can te varied 
by the presence of additives during irradiation while 
others cannot. In the case of the alkyl halides certain 
additives which exhibit very marked effects on the ratio 
of organic yield to inorganic yield have come to be known 
as "scavengers". These "scavengers" have been quite 
importar.t in showing that thermal reactions as well as 
11hot" reactions occur in alkyl halides activated by neutron 
capture. 
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For further I•efel"ence to the literature concerned 
with inorganic studies involving activation by neutron 
capture one should refer to the reviews by Willard (6,7) 
and to the book by Wahl and Bonner (70). 
Chemical Effects in Liquid and Solid Alkyl Halide Systems 
It has been clearly shown that (n,~) activation nearly 
always results in bond rupture in gaseous alkyl halides (47,49,58,59,67,68). One must, therefore, infer that the 
organic yields of 20% and greater which occur for these 
compounds in the liquid and solid phases are the result of 
recombination of the freed recoil atoms with the medium. 
In the early studies several groups of investigators (32,51,71,72,73) sug~ested the possibility of a Frank-
Rabinowitsch "cage" (74) consisting of parent molecules 
and one or more !'adicals in which recombination would take 
place . The "cage" would in some cases trap the recoil atom 
within its walls. Once trapped the atom would enter into 
chemical combination with one of the radicals or with an 
excited molecule. Libby (75) expanded this "reaction cage" 
idea in terms of the energies required to break chem~cal 
bonds and to break through the "cage" wall. 
Libby (75) postulated that the high initial recoil 
energy would remove an activated halogen atom from the 
vicinity of the molecular fragment from which it has recoiled . 
The chances of it recombining with this fragment would, of 
course, be extremely small. As the recoil atom passed 
through the surrounding medium it would lose its energy by 
collisions . At the initial high energies collisions even 
in condensed phases could be considered to be essentially 
elastic . (ill! analogy to this supposed phenomenon would be 
a golf ball striking a second golf ball which was enmeshed 
in a spider web. The web would have little effect on the 
momentum transfer.) On the elastic basis the only way in 
which a high energy atom could lose nearly all of its excess 
energy in one collision would be to collide head~n with an 
atom of similar mass. If it collided with carbon and hydrogen 
atoms it would lose only a small fraction of its energy in 
each collision, and would retain enough ene1•gy to escape 
from the vicinity of radicals produced in the collision. 
However, if it collided with a halogen atom, there would 
be a definite probability that it would not have enough 
energy to escape from the vicinity of the radicals formed. 
Thus, if €. is considered to be the energy necessary to escape 
from the "reaction cage 1·1 and V is the energy of the chemical 
bond holding the struck halogen atom to its molecule, it ~ 
follows that the proportion of atoms which will be retained is~. 
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Miller, Gryder, and Dodson (76) have developed a theoretical 
treatment which shows that in the case in which such elastic 
collisions with like atoms occur, the rete~ion (or organic 
yield) will be given by the equation: R = , . However, Miller• 
and Dodson (77) showed that while the theo y holds for CCl4 and 
CCl4-SiCl4 mixtures in which collisions with like atoms 
only can occur, it breaks down in CCl4-C6H12 mixtures in which 
collisions with carbon and hydrogen atoms are possible. 
In genera~it has been observed that the parent molecules 
are predominantly formed in the recombination process even 
if collisions with carbon and hydrogen atoms are possible. 
The explanation given by Libby (75) was that, no matter what 
the energy of the recoil atom, if it collides head-on with 
a like atom, it can be captured; and retention reactions can 
occur for such collisions over the w~ole range of energies 
from E, the initial energy, down to\), the bond energy. Thus 
the chance that a collision would occur with a like atom 
somewhere in this wide energy region with resultant recombination 
is probably quite high. On the other hand, the only energy 
region in which the recoil atom can collide with carbon and 
hydrogen atoms and then lose enough energy to be retained 
would be the relatively narrow energy region just above thermal 
energies. And the main probability would be that a direct 
collision with a like atom would take place before the atom 
ever got down into this "epithermal" region. 
Friedman and Libby (3) and Fox and Libby (2) carried out 
(n,t) activation studies with the propyl bromides in which 
they attempted to determine the various organic radiobromide 
products formed. The results of Friedman and Libby (3) have 
been s hown to be largely in error by the follow-up investigation 
of Fox and Libby (2). Comparison of liquid and solid state 
reactions in the former investigation brought out the fact 
that the yields of compounds resulting from substitution 
for carbon and hydrogen atoms were greatly increased in solid 
state irradiations, whereas those which involved the replace-
ment- of bromine atoms showed little difference between solid 
and liquid state irradiations. 
Friedman and Libby (3) suggested that the formation of 
dibromocompounds, the result of substituting a hot bromine 
for a hydrogen or carbon atom, might be explained by assuming 
that when the energy of the recoil atom was reduced to the 
order of 10 ev, a new type of energy transfer would become 
possible. In this energy region the halogen atom might trans-
fer energy to molecules as a whole in inelastic collisions. 
Such collisions would result in molecular excitation 
followed by decomposition. The resultant organic radical 
could then combine with the halogen atom. As was mentioned 
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earlier .l> there has :t."'ecently been evidence for "hot-atom" 
reactions in phot chemistry and radiation chemist~~ (60, 
61,62,63)64,65)o Of course~the possibility exists also that 
the recoil halogen atom migh~ combine with a hydrogen atom 
or a halogen atom in such collisions. Miller and Dodson (77) suggested a raaction of the type: Cl• + RH~HCl + R·. 
Recent evidence strongly suppol"'ts this type of reaction and 
will be discussed later in connection with the so-called 
"scavengers". 
Fox and Libby ( 2) fuz•ther verified the increased 
yields of dibromopropanes for the irradiation of propyl 
bromide in the solid state. Tney explained such an 
increase of "epi thel"'mal" products by postulating the 
production of a molten volume in the solid. Calculations 
were given to show that a highly energetic recoil atom could 
melt a portion of the solid involving about 1000 molecules. 
It was then suggested that bromine-bromine collisions 
leading to reproduction of the parent propyl bromide would 
be expected to occu~ mainly in the center of this pseudo-
liquid volume. It was felt that little increase of yield 
of the parent compound in the solid state would be expected 
because the mediu~ would be essentially the same as in the 
case of irradiation in the liquid state. However, it was felt 
that in the case of the "epithermal reactions" the diameter 
of the molten volume around the site of such an "epithermal" 
collision wou~d be much smaller. In other words 3 these 
reactions would take place neal' the edge of the molten 
volume, in what Libby and Fox conside!"<ad to be a semi-
molten region. The strength of the so-called "cage wall" 
would be much greater in such a liquid-solid region than 
in a solely liquid medium, and for this reason these 
workers were of the opinion that epithe~mal type reactions 
should be greatly enhanced in the solid state ir~adiations. 
One must admit that this hypothesis, at least on the surface.., 
appears to explain the results. 
One thing that was overlooked by these workers was the 
possibility that this pseudo-liquid volume in the solid 
could contain a much higher density of radicals than the 
irradiated liquido In the solid the propyl bromide molecules 
would be expected to intez•twine t o a certain extent, and the 
pro~ess of recoil-produced melting could be accompanied by 
much fragmentation which would probably be greater for the 
solid than for the liquido In such a case the molten volume 
could not be considered as exhibiting the same chemical 
characteristics as the Ol"dinary liqu:!..do 
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Perhaps the greatest weakness in the postulates of Fox 
and Libby, however, was their complete lack of consideration 
of the possibility of thermal type reactions. Their whol e 
"billiard ball collision-epithermal collision" hypothesis 
is based solely on recombinations involving "hot" bromine 
atoms. 
As early as 1939 Suess (58) had shown that ' organic 
yields could be increased if acetylene were added to ethyl 
bromide during irradiation. It was felt that the acetylene 
would add thermal bromine atoms easily, whereas the ethyl 
bromide could not. In 1950 Williams, Hamill, Schwarz and 
Burell (78,79) discovered that ~t9-dibromoethylene will react 
readily with bromine atoms, but not with bromine molecules . 
They also reported results which .indicated that very small 
amounts of allyl bromide mixed with ethyl bromide could 
15 
quite markedly increase the organic yield. The results seemed 
to indicate that thermal bromine atoms which might otherwise 
eventually enter into inorganic combination were being 
scavenged by the allyl bromide. 
Similar studies by Willard and coworkers (52,53~80,81) 
have shown that t he presence of about 1 mole per cent or 
less of elemental bromine in alkyl bromides or elemental 
iodine in alkyl iodides can reduce the organic yield by 
15%, but a further increase in the halogen concentration 
reduces the yield very little. They have, thus, postulated 
that the part of the organic yield which is relatively 
insensitive to added halogen can be attributed to "hot" 
processes.. The part of the organic yield which is sensitive 
to added halogen can be attributed to reactions of ther.malized 
recoil atoms wi t h radicals which they have produced in losing 
their energy. 
These same workers (81) have shown that the addition of 
1 mole per cent of o<..,,B-dibromoethylene:.- to ethyl bromide 
increases the organic yield from 32% to 60%. Further additions 
show little effect. This indicates that 40% of the inorganic 
products are produced by "hot" processes and 28% by thermal 
processes. Most attempts to determine the nature of the 
inorganic products have not been successful. However, 
Chien and Willard (67) have made use of the fact that care-
fully purified pentene-2 will react instantaneously with 
tracer amounts of radiochlorine but only very slowly with 
hydrogen chloride. Using this method these workers have 
found that of the chlorine atoms activated by the (n,o) 
process in butyl chloride , about 21% enter organic combination, 
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8% fol~ Cl2 and 71% form HCl. The ratio of the inorganic 
products is roughly the same as the ratio of the number 
of available hydrogen atoms to the number of available 
chlorine atoms in n-butyl chloride. 
Recently Roy, Williams, and Hamill (82) have shown 
that a diffusion kinetics treatment can be applied to the 
atom-radical recombination process following (n,~) activation 
of liquid alkyl halideso They postulated that each nuclear 
process produces "effectively" one atom-radical pair and 
that decreased recombination due to added halogen results 
from competition with diffusion controlled reco~bination. 
The increased organic yields caused by added~,~-dibromoethylene 
were explained by the competing reactions C2H5Br + Br*-7C2H4Br · 
+ HBr* and C?H2Br2 + Bz:>*-7C2H2BrBr* + Br. They found the 
"scavenger" reaction to have an activation energy about 11 kcal 
per mole smaller than that of the solvent reaction • 
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The question arises: How might these thermal processes 
be rationalized by the Libby type hypothesis? 
Willard (6) has felt that the Libby hypothesis is a 
gross oversimplification of the recombination mechanism. 
He has been of the opinion that although such a hypothesis 
may rationalize the data for certain systems, it certainly 
cannot be applied to all systems as a general explanation. 
He has felt that the assumption of elastic collisions 
in condensed phases is not justified. The work of Miller 
and Dodson (77), howeve:r, tends to give definite credence 
to such elastic collision mechanisms where collisions can 
occur only ·with like atoms in systems such as CCl4 and 
CCl4-SiCl4. 
Willard also has been of tha opinion that the indications 
of t ,hermal type recombinations which we1 ... a overlooked in the 
Libby theory lessen its c~edibility . There is no question 
that this is a definite weakness in the Libby hypothesis~ 
but this in itself' does not prove that the hypothesis is 
incorrect as far as it goes. 
The fact that i:nOl"ganic products are produced in "hot 11 
reactions as well as thc::k•mal reactions has not, according 
to Willard~ been considered in the Libby theoryo This may 
tend to discredit the initial R ~ S/Jhypothesis of Libby, 
since an atom trapped in a cage could very well react with 
a hydrogen atom or another bromine atom, instead of an organic 
radical. However, it does not prove that the Libby type 
recombinations do not exist. 
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Perhaps the best evidence against the Libby theory to 
date is the fact that C2H5I, i-C4Hgi and s-C4H9I showed 
little or no change in organic yield with change in phase (80). 
These results alone would seem to discredit the theory as 
a general one. They seem to suggest the "random fragmentation" 
type of hypothesis which Willard has proposed. Willard (6) 
has been of the opinion that elastic collision mechanisms 
similar to those expected in the gas phase cannot be expected 
in condensed phases. His feeling has been that there will be 
much bond breaking following the initial collision of the 
struck atom with the condensed medium. Then when the energy 
of the atom has been reduced below bond-breaking energies it 
will find itself in, or adjacent to a pocket of high local 
concentration of organic radicals and inorganic atoms. If 
it is in a pocket of radicals it will recombine before it 
has had a chance to diffuse in thermal equilibrium with the 
system. such a reaction would be consfudered a "high-energy" 
process since it could not be greatly affected by the 
addition of small amounts of scavengers. However, if it 
were not in a pocket of radicals, it would then diffuse as 
a thermal atom until it carne in contact with a radical 
which it had directly or indirectly produced by the process 
of fragmentation. 
The Willard theory is in essence not much different 
than the Libby theory. Such a hypothesis based on radical 
densities does not in itself deny the existence of something 
approaching elastic collisions in the reproduction of the 
parent compound. A combination of the two theories seems 
to provide the best answer. 
One important aspect of the thermal recombination 
theory is that it seems to explain the effects of impurities 
which have in many cases resulted in high organic yields 
for short periods of irradiation. It was found (2) that 
treatment of propyl bromides with ozone followed by careful 
distillation could reduce the organic yield from 50% to 35%. 
It was immediately apparent that olefin concentrations in 
the range of 10-7 to l0-4 mole fraction had been causing 
high organic yields. The discovery of the thermal recombination 
process clearly indicates why these impurities could result 
in high organic yields. As the therrnalized atom diffused 
out into the system it might meet and combine with an olefin 
molecule before it had a chance to combine with a hydrogen or 
bromine atom. 
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Another possible explanatlon involves exchange of 
radioactive HBr or Br2 with the olefin impurities. This 
latter explanation would seem to hold for the observation 
of Friedman and Libby (3) that organic yields would increase 
markedly if the irradiated samples were allowed to stand 
for periods up to 24 hours before the inorganic activity 
was extracted. Such an increase was not noted by Fox and 
Libby (2) when ozone treatment had been applied to remove 
olefinic impurities. 
Another aspect of the effects of impurities concerns 
radiation damage resulting from high fluxes of 6-rays. It 
had long been inferred that the small o-fluxes connected 
with neutron sources could not result in enough radiation 
damage to alkyl halides to affect the obse_rved chemical 
effects. Fox and Libby (2) suggested that for the total 0 -radiation of 700 roentgens involved fo!• a one-hour irradiation, 
the steady state concentration of radicals produced as a 
result of radiation damage would be about l0-13 mole 
fraction, which would be far below the amount necessary to 
produce a noticeable effect. TI:ese workers reported that 
the presence of about lo-4 mole fraction of bromine would be 
expected to eliminate radiation damage effects. They also 
showed that such concentrations of bromine could eliminate 
the effect of minute amounts of olefin impurities. The 
criterion which was used for purity of the propyl bromide 
was that the propyl bromide gave the same organic 4yield in the pure state as it did when it contained 10- mole 
fraction of Br2 during ir~adiation. 
One of the main concerns i n initiating the photonuclear 
study has been with the amount of radiation damage which 
would result for the high ~-ray fJ.uxe~ involved. a: owevel", 
if one assumes an intensity of 3 x 10 roentgens per hour 
for an irradiation with high energy ~-rays, it appears 
that the steG::.dy state concentt"at:'i.on of radicals produced 
by l"adia tion damage will be only about 10~10 mole fraction 
unless chains a:::•e initiated.. Such a concentration should 
exhibit a negligible effect. 
Very recently Chien and Willard (83) have reported 
that the organic yields of pure degassed liquid n-propyl 
bromide can be markedly increased when th~ n-propyl bromide 
is subjected to a total 6-radiation of lOj roentgens or 
higher, either bef'ore Ol"' d.u!,ing irradiation.. The results 
for long irradiations in which the t-ray flux arises from the 
neutron sourMe are8smnma~ized as follows. (1) The organic yields of Br0 0, Br Om, and Br82 are essentially equal to ., 
each other for irradiation times up to 4 hours (6 x 103 
roentgens), either in the presence or absence of air. 
(2) For irradiations of longer8than 16 h3urs in the absence 
of air the organic yields of Br 2 and Br~ m increase up 
to 90% and 73%, respectivel~'x:lor a 132-hour irradiation. 
(3) The organic yield of BroOm does not seem to be 
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noticeably affected by the long irradiations if the irradiation 
is carried out in the presence of air. The yield of Brb2 
in such irradiations does, however, increase from8~4% to 48% for a 132-hour irradiation. (4) The yield of Br 0 in the 
irradiation of the degassed propyl bromide decreases from 
34% to 29% as the irradiation time is increased. 
8 The reason for8~he decrease in the organic yield for Br 0 is that the Br i~ arising from two sources: (l) 
direc~ly 9X B§79(n,~)Br o, and (2) indirectly by means 
of Br Om(o)Br 0 • The organic Y$5ld for the latter transition 
is 20%. The directly formed Br will attain equilibrium 
with the neutron source very soon after the start of the 
ir8adiation. As the irradiation progresses the amount of 
Br Om will also increase until secular e~uilibrium with the 
neutron sou3ce is reached. Since the Br 0 is in equilibrium 
with the Br Om almost from the start §f the irradiation, as 
soon as saturation with respect to Br Om is reached the ratio 
of the rates of production of Breo from the two aforementioned 
sources will stay the same, ahd the organic yield will decrease 
no further. 
By subjecting the n-propyl bromide to about 4 x 106 
roentgens from a 40 curie Co00 source and then chemically 
treating it prior to neutron irradiation, Chien and Willard 
were able to eliminate the effects of the products which 
resulted from radiation damage. Since both ozone treatment 
and treatment with bromine for 12 hours eliminated the effects 
of the product impurities, it was surmised that the products 
were of an olefinic nature. Because of the much gre~ter 
amount of 6-radiation which was involved when the Co 0 
source was used, the organic yield of Br8° was increased to 
as high as 48%. · 
These results appear to uphold the suggestion of Rowland 
and Libby (84) concerning the isomer effects noted by Capron 
and Crevecoeur (85, 86) with liquid organic bromides. The 
latter authgrs noted higher organic yields for Br80m 
than for Br 0, contrary to the results of other workers 
(2,84). It has been pointed out that since Capron and 
Crevecoeur did not purify their materials, impurities may 
have been present in the irradiated bromide which could 
react with inorganic bromine to return it to organic combination. 
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The effect would be to increase the apparent retention of 
the 4.6-hour species more than the 18-minute species because 
of its longer lifetime. It explains why Chien and Willard 
have noted such a difference in the amount of increase in 
the organic yields of the 18-minute, 4.6-hour and 35.9-hour 
bromine activities when impurities are produced as a result 
of radiation damage. 
In the studies of possible isomer effects in liquid 
normal and isop~opyl b~omides, Capron and Crevecoeur (86) 
used pure water as their extracting solution because they 
feared that a reducing medium would interfere with secondary 
effects resulting from possible internal conversion mechanisms. 
This fea~ does not seem justified since such seconda~y effects, 
if they existed, could not be evaluated by pure water extraction 
anyway. No report in the lite~ature ha~ yet indicated ap 
isomeric state abo7e Br80m~ or above BrbO, other than BrbOm, 
that has a lifetime even of the order of seconds. Thus 
any internal conversion mechanisms take place, at most, 
within seconds after the initial recoil process. All studies 
which have been concerned with charge mechanisms seem to 
indicate that any charged atoms in the medium are immediately 
neutralized, so that any secondaFs effects would almost cer-
tainly occur prior to any extraction process. 
There has been definite evidence for incomplete extraction 
of inorganic b~omine when pure water is used as-the extracting 
medium. In 1939 Lu and Sugden (71) had r~ported that pure 
water extracted about 10% less of the total activity from 
C6HsBr and C2H~B~2 than did a reducing solution such as 
sod~um thiosUli ate. They at the time felt this was due 
to the non-extraction of bromine atoms into the water. In 
1941 Devault and Libby (73) s tated that Br atoms have a long 
life because they are not ve1~ soluble in water or cone. 
H2S04 and do not l"f!aet with such compounds as ethyl bromide. 
In the cours"' of the photonuclea:co studies of this 
report it has been noted that when noticeable amounts of 
molecular bromine we::;."e present in the irl"adiat ed propyl bromide 
it was sometimes necessaFJ to add excess sodium sulfite to 
reduce the bromine colm."ation :tn the propyl bromide. !n such 
cases the b~omine color in the aqueous laye~, prior to 
reduction, was much less pronounced than in the orga~ic layer. 
Any isotope effect that Capl"on and Crevecoeur ( 86) 
have reported is most: likely due either to the impuritie~ 
present8or to a difference in the relative yields of HBr 0 
and HBr Om. In the light of the p:receding discussion most 
Br8o, Br80m, BrBr80 and BrBr80m would probably not be 
extracted into the pure water medium and thus could not 
contribute to any is~tope effect. 
Very recently Apers and Capron (87) have reported using 
a new technique of purification and extraction with alumina. 
Their results indicate that there is no difference in the 
per cent retention for BrbOm and BrbO produced by slow 
neutrons in n-propyl bromide, but that there is a difference 
when the activities are produced by fast neutrons. 
Hamill and Williams (88) investigated the possibility 
of radiation damage as a cause of any variation in reten-
tion which might occur for the (n,t) reaction in CCl4 
syst~ms. These workers were of the opinion that scavenger 
reactions occur homogeneously throughout the system, and 
thus they felt that there should be a competition for active 
atoms between the additive and the molecular fragments from 
t-radiation. Since EO variation in yield was noted for 
variable amounts of a-radiation in the CCl4-c12 system it 
was concluded that such damage is of negligible importance 
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in determining the retention. They stated that in cc1 4 the 
following conclusions could be made. (1) 70% of the recom-
bination reactions were 11 high-energy" processes not affected 
by additives. 25% were considered to be organic and 45% 
inorganic. (2) 30% involved thermal diffusion type reactions 
with radicals which had been produced by the atom before it 
became thermalized. (3) Inorganic products might eventually 
react with the solvent through very slow exchange processes. 
(This is a possibility which may partially account for the 
increased organic yields observed by Chien and Willard (83) 
for long irradiations of the propyl bromides.) (4) Inorganic 
products might react with impurities not removed in the 
purification. (5) Inorganic products might react with impuri-
ties produced by radiation damage. (6) The relatively slow 
reactions · (3), (44), (5) could be eliminated by the presence 
of less than 10- mole fraction of added chlorine. All 
these postulates are now fairly well accepted by most workers 
in the field. 
Libby and Fox (2), and Rowland and Libby (84) have 
reported the existence of an isotope effect in the (n,o) 
activation of solid alkyl bromides. Bre2 was found to 
have a higher organic yield in8the crystalline solid state irradiations at -196ec than Br Om and BrbO. This effect 
was found to be absent in the liquid state and in the 
~~~~o~~ ~~~~ ~~~1t~~o~;f~i~ia;:~~iie:~:~g;tor1~g;cBr80~e 
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would be greater than that of the B~82 and, thus, the Br80m 
would produce a larger molten volume in the solid. In this 
larger molten volume the recoil atom would have a greater 
chance of losing its energy before it reached the semi-
molten edge of the liquidus volume where the greatest 
increase in yield was expected. This recoil energy postulate 
has been tested in the photonuclear studies and the results 
will be reported in a later section. 
More recently Hall and Sutin (89) have reported isotope 
effects in the irradiation of triphenyl stibine with neutrons. 
They h~Ye reported4that the ratios of the various products for Sb cc and Sbl2 vary from 1.37 + 0.01 for triphenyl 
stibine to 0.88 + 0.01 for the elementary antimony. They 
have noted a smaTler retention of arsenic in irradiated 
triphenylarsine than of antimony in triphenylstibine and 
claim that the results a~e consistent with the above 
theory of Libby and coworkers (2,84). Their claim is based 
on the fact that arsen~c should have a maximum recoil energy 
of about 288 ev while that for antimony should be only 134 ev. 
Capron and Oshima (90) have given a theoretical treatment 
in which they showed that the initial recoil energy of "hot-
atoms" could not be dete1Mllined from the amount of retention. 
Chemical Effects of Photonuclear Activation 
Very few investigations involving photonuclear activation 
have been carried out, probably because of the lack of 
availability of sources of highly energetic r-rays and the 
concern over radiation damageo 
Barkas, et , al. (91) were the first to use a photonuclear 
activation method. They were interested in a Szilard-Chalmers 
type of separation of the a tivities produced by the ((,n) 
reaction on the b~omine in ethyl8bromide. They observed a 
separation of Br7o, BrbOm and Br 0 when ethyl bromide was 
irradiated with /-rays produced by the irradiation of lithium 
with protons. In this case the impingi~ a-rays had an 
energy of 17 Mev. If the energy of the a-ray is neglected 
the recoil energy is given by the following relation: 
EM :: Em(~) 
where m is the mass of the neutron and M, the mass of the 
recoili~ atom. It was computed that the recoil energy for 
17-Mev 1 s was about 0.11 Mev. For such an energy there is 
no ques ion that bond rupture would take place. 
Holmes and .McCallum (92) carried out a (o',n) reaction 
on cu63 in copper salicylaldehyde-o-phenylenediimine. They 
obtained results quite similar t~ those obtained by Duffield 
and Calvin (93) who used the (n, ~) reaction on the same com-
pound. 
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Recently Rowland and Libby (94) have observed the chem~cal 
effects of the c12(t,n)cll reaction in s~yid and !!quid co2 • 
In the case of the solid the yields of C 0 and C 02 were 
about equal, but for the liquid at 25°C the ratio is about 
20 to 1 in favor of clloo Powdered NaHCO~ gave results 
similar to dry ice, while aqueous solutions of NaHco3 and 
Na2co~ gave results much like those for liquid co2 • In 
both ~ases the solid appears to have done a better job of 
confining the .thermalized c1 1 atoms in the vicinity of 0 
and o2 fragments than the liquid, the result being that 
the reaction did not stop at the CO stage but went all .the 
way to. co2 • 
Collins (95) has recently carried out an investigation 
of the chemical effects of the (0,n) reaction on solid 
cobaltic hexammines. His results are quite similar to 
those determined earlier by Zuber (96) for the (n,~) 
reaction on the same system. Hovvever, an apparent greater 
a~ount of fragmentation has been noted in the case of the 
(6,n) activation. This would be expected because of the much 
greate~ recoil energy inherent in the case of the (o,n) 
reaction. 
Recently Schule~ {97) has studied the chemical effects 
of (d,p), (n,2n) and (Q,n) activation in liquid methyl and 
ethyl ~~dides. ~e reported the same organic yields for 
the Il (6,n)I~~ reacttQP as had previously been reported 
(80) for the I~~7(n,c)I-2~ reaction, respectively, in 
methyl and ethyl iodides. Even more recently Schuler ~.and 
coworkers (98) have reported that6the per ~ent retentions 
resulting from both Il27(n,2n)Il2 and Il2"f(n,o) r.Lct$ 
reactions in solid al~~l iodides are very similar. It is 
their belief that the initial recoil energy and other 
variations of nuclear processes are of little importance to 
the final chemical state of the recoil atoms. These results 
will be discussed later in connection with the results 
obtained in the photonuclear studies of this report. 
-
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The investigation has been patterned after the (n,~) 
studies on the propyl bromides by Libby and Fox (2). 
Comparative data have been taken in the photonuclear studies 
for many aspects of the (n,~) work of Libby and Fox. In 
addition other phases of the system, such as the effects of 
added bromine and ~, 6-dibromoethylene, have been studied. 
It is felt that the recent work of Chien and Willard (83) 
concerning radiation damage effects, and the work of Schuler 
(97, 98) should add credence to the data to be reported 
here. Only very slight radiation effects have been apparent 
in the present studies. In fact, as one will note, the 
results which will be reported are in many respects strikingly 




As had been indicated by previous workers (2,82,84) 
it was found necessary to subject the propyl bromides to 
an extensive purification treatment in order to remove 
any olefin impurities which might be present. 
It was found that shaking the propyl bromide with ten 
successive portions of concentrated H2so4 for a total :period 
of one week apparently did not entirely remove impurities. 'J'he 
tenth portion of H2so4 still turned slightly dark upon extencl.~ d 
shaking. This may have been the result of a photochemical 
reaction. 
Reproducible results were not obtained with propyl 
bromides which were purified by techniques which had 
previously been reported (2, 82, 84). 
The following treatment of propyl bromides obtained 
from Columbia Organic Chemicals Company appeared to be 
adequate: (1) Ozone was passed through the propyl bromide 
for at least 24 hours to tie up minute amounts of olefinic 
impuri t les. (2) The propyl bromide was vacuum distilled 
from an ice bath to remove ozonides which are sometimes 
explosive at higher temperatures. (3) . The distillate was 
shaken twice with 3% H2o2 , each time for 30 minutes. (4) The propyl bromide was shaken with a dilute solution of 
NaHco3 to remove acids. This was done until no yellow 
coloration could be noted in the aqueous layer. (5) The 
bromide was shaken with water and then dried with anhydrous 
sodium sulfate to eliminate any decomposition which might 
result when concentrated sulfuric acid was shaken with 
the propyl bromide. (6) The dried propyl bromide was shaken 
with successive portions of concentrated H2S04. Three 
shakings seemed to remove the maximum amount of impurities. 
Any further shaking always resulted in a slight coloration 
of the H2so4 layer of about the same intensity. (7) To 
remove any excess acid the propyl bromide was shaken with 
a dilute solution of NaHco3 until no further evolution of 
co2 was noted. (8) It was then shaken with distilled wa~er and dried with anhydrous sodium sulfate. (9) The 
next and critical step was to allow the propyl bromide to 
set overnight with 0.75 mole % Br2 • (10) The bromine step 
was followed by shaking with a diiute NazSO solution to 
remove the bromine and then by washing w~th3distilled water 
and drying with anhydrous Na2so4 • (11) The final step 
was distillation through the five-foot helix-packed frac-
tionating column shown in Figu~e 1 which had approximately 
25 theoretical plates. A technique of allowing the column 
to operate at total reflux with intermittent take-off was 
used until no drop in head thermometer temperature was 
noted following the taking off of a distillate sample. wn~n 
this state was reached the take-off was continuous until a 
change in refractive index or boiling point was noted. 
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The criteria for purity were constant boiling temperature 
and refractiye index of the distillate. The refractive 
indices were measured on a Bausch and Lomb Precision Refrac-
tometer and are listed in Table 1. 
Ethyl, methylene~ ethylene, propylene and trimethylene 
bromides were subjected only to the sulfuric acid, NaHC01, 
distilled water, and Na2so4 treatment, followed by distilla-
tion through the five-foot column. Methylene, ethylene, 
propylene, and trimethylene bromides were fractionated at 
pressures in the range of lOOmm Hg. The measured nBO values 
as compared to lite~ature values are found in Table 1. 
The bromine was obtained from Baker Chemical Company and 
was used without further purification. The o\ .8 -dibromoethylene 
was obtained from Eastman Organic Chemicals Cdmpany and was 
also used without further treatment. 
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One of the main facets of "hot-atom" chemistry studies 
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on organic bromides is to remove by means of aqueous extraction 
those radiobromine atoms which end up in an inorganic form. 
The techniques used here were very similar to those which 
had been used previously, the extracting solution being a 
dilute aqueous solution of Na2so~. Approximately 0.1 g 
of H~Aso4 and 0.560 g of NaBr we~e added per liter of Na2so~ 
solu~ion to act as carriers for arsenic and bromine activitles. 
It was very important to make sure that enough Na2so~ was 
present to reduce all of the inorganic radiobromine atoms to 
the water-soluble bromide state. When appreciable amounts 
of bromine were present as scavenger, it was necessary to 
add crystalline Na2so~ during the shaking process, until all 
of the bromine color tlad been eliminated. It was evident 
that pure water would not remove a significant portion 
of any bromine which was still in the elemental state. 
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Two successive ten-minute extractions using freshly 
prepared Na2so~ solution appeared to remove better than 99% 
of the extractgble activity from the organic layer. Varying 
amounts of Na2so~ in excess seemed to have no effect on 
the organic retention. When no bromine was present as 
scavenger or carrier, the second extraction contained between 
one and three per cent as much activity as the first. However, 
when bromine was ~~esent the second extraction contained 
less than one p~cent of the total. 
Fractional Distillation 
It was decided that any study involving a determination 
of the various o~ganic yields produced would require a means 
of separating all ca~iers into pure fractions. 
The five-foot helix-packed fractionating column of 
about twenty-five theoretical plates shown in Figure 1 was 
constructed (99). It was found necessa~~ to equip the 
column with a vacuum attachment since the column tended to 
flood at temperatures of 140°C or higher and this flooding 
could only be prevented by keeping the temperature down or 
using an exceedingly slow rate of throughput. It was also 
desirable to distill the dibromides at lower temperatures 
to reduce decomposition. 
For runs in which the yields of the various organic 
products were desired, the extracted organic liquid was 
added to a mixture of the various carrier compounds to be 
used. Twenty ml each of ethyl, n-propyl, iso-propyl, methy-
lene, ethylene and trimethylene bromides and thirty ml of 
propylene bromide were mixed in the still pot of the column. 
In order to obtain the desired degree of purity with 
the column it was necessa~~ to fractionate almost continuously 
over a 40-hour period. The igtensity of the ~-source was 
adequate to produce enough Br Om activity so that some could 
still be detected in the various fractions after 40 hours. 
Methyl bromide and ethylidene dabromide (1,1-dibro-
moethane) were semiquantitatively detected by noting peak 
counting rates between pure carrier fractions. No other 
peaks than these were noted. This and the fact that the 
sum of the determined yields accounted very closely for all 
organic activity indicated that no important compounds had 
gone unnoticed., The total yield of highe!~ boiling "polymers" 
was determined by subtracting the yield of trimethylene 
bromide from the yield obt ained for the final fraction in 
the still pot. 
In a 40-hour fractionation it was possible to get enough 
of each carrier compound of better than 95% purity for 
counting. The criteria for purity of distillate samples 
were constant boiling temperatures, and refractive indices 
in agreement with the values previously determined for the 
pure carriers. 
Radioactivity 
The counting of radioactivity was complicated by the 
fact that several long-lived activities ot~er than Br80m 
(416 hr) were produced by the high energy ~-rays. Since 
cl (20 min) was produced by (~n) on ci2, no study on 
Br80 (18 min) could be made and it was necessary to wait 
for about 3 hours86o allow these two activities to d8e 
out before the Br m (4.6 hr) could be counted. Br7 
(6 min) was produced by (¥~n) on Br79 but decayed out in 
about one hour. f,her photonuclear reactions ~hich took 6 place w~re Br79 ( ,2n)Br77, Br79(0,3n)Br76, Br l(o~)As7 , 
and Br'f~((,~)As7 • (See Figures 3, 4 and 5.) For most 
of the counting employed the latter four activities gave 
negligible counting rates compared to the counting rate of 
the Br50m. 
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6 The Iowa State College Synchrotron was the source of 
1 s for the present work. It w~ operated at full power 
in which the maximum energy of o's was 60 to 70 Mev. 
However, the distribution of energies is such that only 
a small fraction of the 61s have energies approaching the 
maximum. The intensity of the beam varied from about 300 
roentgens per minute to 1000 roentgens per minute and was 
adequate to produce upwards of seve351 million disintegrations 
per minute zero-time activity of Br m for a 4-hour 
irradiation on a 25-ml sample of propyl bromide. 
The propyl bromides were irradiated by placing them 
in a 25 mm by 200 mm Pyrex test tube with a cork-stopper 
and immersing the test tube in a Dewar flask. A stopper 
was then placed in the Dewar, making a very nearly light-
tight system. The temperature of the propyl bromide which 
was irradiated could be controlled by the addition of the 
appropriate liquid or liquid-solid mixture to the Dewar 
flask. The Dewar flask was then placed directly in the path 
of the synchrotron beam, so that the beam passed through 
the propyl bromide in the test tube. 
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In the l~ns to detel~ine the various radionuclides 
which were produced, irradiation times of twelve hours or 
more were used. For runs to determine the yields of organic 
products, irradiation times of from 3 to 12 hours were used. 
A compromise between the amounts of activity and radiation 
damage was desirable. Because the intensity of the beam 
was at times quite variable the length of irradiation 
time sometimes had to be extended beyond the optimum 3-to 4-
hour irradiation time. 
For :§8s in which only retention versus extraction 
data on Br m was taken, the samples were irradiated 20 
to 30 minutes. 
All samples were counted in Nucleonic Corporation of 
America model GM-4 counting tubes with annular jackets of 
5 to 7 ml capacity. The thickness of the glass wall 
between sample and tube was about 30 mg/cm2. These tubes, 
ordinarily used for flowing liquids, were adapted for 
counting stationary samp~es _by bending the entrance and 
exit tubes so that they both extended in the same vertical 
direction. 
The Br80m activity was counted by means of the 2.0-
Mev beta of the Br~O daughter, and it was found that the 
relative counting efficiency of the counting tubes decreased 
as a function of the density of the liquid counted. The 
variation of counting efficiency with density was very 
nearly the same for all five counting tubes used in this 
work. Apparently variations in' wall thicknesses of the 
tubes and other factors had little effect. The values of 
relative counting efficiency for the various densities of 
compounds used are listed in Table 2. The density correction 
for counting rate was made by dividing the value of relative 
counting efficiency at the given density into the measured 
counting rate. For a further discussion of the effect 
of liquid density on counting efficiency see the discussion 
by Chiang and Willard(lOO). 
In the process of taking pure samples off the column 
it was sometimes desirable to count more than one sample 
of a given compound. When this was done it was necessary 
to increase the volume of the individual samples enough 
to fill the counting tubes. The liquid added in each case 
was identical in composition to the sample taken off the 
column except that it contained no activity. Since the 
activity was always diluted when this was done, it was 


































In order to estimate the amount of methyl bromide it was 
necessary to count three successive pure fractions of ethyl 
bromide. A curve of counting rate of the three successive 
fractions as a function of ml of ethyl bromide taken over 
always showed a large decrease from the first to the second 
fraction. The slope of the curve from the second to the 
third fraction was nearly zero, indicating that very little 
methyl bromide remained in the third fraction. Such behavior 
is expected because no methyl brom1de carrier was added and 
methyl bromide is much more volatile than ethyl bromide. 
The methyl bromide activity could be estimated by subtracting 
the activity of the ethyl bromide. If the fraction of the 
total methyl bromide coming over in a given sample was 
determined, then the yield of the methyl bromide could be 
estimated. 
A similar technique was employed for determining ethyli-
dene bromide (1,1-dibromoethane) which has a boiling point 
intermediate between those of methylene and ethylene bromides. 
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Because of the presence of the longer-lived activities~ 
it was necessary to follow the decay at all times so that 
time corrections could be made for all samples counted. 
It was found that even when samples of varying density 
were counted all curves were very nearly parallel for the 
first forty hours. The assumption was therefore made that 
parallel curves could be drawn through the counting rates 
for all samples and then tha relative yields determined by 
taking the counting rate of each at a specified time and 
then applying the appropriate density correction. Figure 2 
is a typical set of such curves. 
In each case the total organic yield was determined 
by saving a portion of the ext~acted propyl bromide for 
counting. The decay c.urve of this sample served as the 
basis for drawing all other parallel curves. It was 
possible then to determine if all the organic activity 
was accounted for. This was done by summing up all the 
various yields and noting how well the sum agreed with the 
total organic yield as determined from the unfractionated 
sample. 1JJ2e agreement i'las such that it was felt that density 
corrections were close to being cor~ect~ that the longer 
lived8activities did not app~eciably affect the determination 
of Br Om yields, and that all products of importance were 
accounted for. The work of Libby and Fox (2) is in agreement 
with this last assumption. Recent work by Evans and Willard (5) concerning a gas phase chromatography method which 
indicates a greater multiplicity of products will be discussed 
further in a later section. 
. Any Br8° which had reacted with the glass walls as a 
result of its high positive charge from the B1"'80m-7Brb0 
transition could not be removed by cleaning. Thus a sample 
of very low activity could not be counted with any degree 
of accuracy immediately afte~ the counting of a sample of 
high activity. If the sample of high activity were in the 
counting tube for ten minutes or longer it would leave a 
considerable number of nun-removable BrBO atoms on the walls 
of the tube. The only thing that could be done in such 
a case was to wait for the unwanted activity to die out. 
Other than forti~e above limitation the counting tubes 
could be cleaned vel"'Y quickly and easily. After counting 
an organic liquid, several portions of absolute alcohol 
. were washed th~ough the tube, and the tube was then dried 
by attaching it to an aspirator and sucking air through it. 
When an aqueous sample had been used, distilled water was 
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Tl ME IN HOURS 
Figure 2o Yield curves for the various products formed in 
liquid n-propyl bromide containing 4o7 mole% 
Br2 at ooc. 
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It was very important in counting the various samples 
to make sure fuat the BrbO daughter was in equilibrium with 
Br80m. This could easil~ be cheeked by counting the sample 
until it followed the 4.5-hour rate of decay. Certain 
aspects of the fractaonation process seemed in many cases to 
disrupt the eQuilibrium and gave an initial excess or 
deficit of Br60. Of course, some of the excess was due in 
many cases to Br80 activity remaining on the tube walls from 
the previous sample. 
On runs in which it was desirable to observe long decay 
curves, counting was done continually using a Streeter-Amet 
Printer. This gave a continuous record of the counting 
rate at fifteen-or sixty-minute intervals during the time 
the decay was followed. 
The arsenic activities were determined by precipitating 
AgBr from the aqueous solution which contained H3As04 as a 
holdback carrier. AgAs04 was soluble in the dilute nitric 
acid solution which was used to precipitate the AgBr. The 
liquid solution was then counted and the decay of arsenic 
noted. 
Since no arsenic activity remained in the propyl bromide 
after extraction it was possible to follow the decay of the 
extracted propyl bromide and then analyze the curve for the 
various bromine activities. 
EXPERIMENTAL RESULTS 
Radionuclides Produced 
As was stated earlier, radionuclides other than 4.6-hour ~r80m were produced by ,the high energy c-rays. Because of the 
parallel nature of the yield curves in the first forty hours 
of decay it was felt that these other activities were not 
appreciably affecting the values of the various yields for 
BrSOm. However, the very fact that (o,2n) and (~3n) reac-
tions might exist was very i~I·iguing. The reason for this 
was that although all such (o,xn)>type reactions would give 
rise to bromine isotopes, each product nuclide would be 
expected to have a different initial recoil energy as well 
as different collision properties by virtue of its slightly 
different mass. A comparison of organic ·retention yields for 
Br76, Br77 and BrSOm might give an interesting insight into 
the mechanisms involved when the recoil atoms re-enter 
chemical combination. 
Considering the :i.mportance of data comparing chemical 
effects of the various photonuclear reactions it was felt 
that an attempt should be made to completely analyze the 
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gross decay curve into the va:i."'ious ac tj_vi ties. The big limitation 
to such an analysis was in getting an irradiation of sufficient 
length and intei1sity to prod'.lce enough of the activities to 
give the required statistics. 
Early runs which gave adequate activity suffered from 
the fact that not quite enough points were taken at critical 
times. However, within the statistical error these curves 
could always be varied enough to be analyzed into the five 
activities which have already been mentioned. 
Figures 3, 4, and 5 represe;.1t the results of the final 
long irradiation which was carried out. It was of fourteen 
hours duration at an average beam intensity of about 500 
roentgens per minute. To get a high organic yield, solid 
n-propyl bromide at -l96°C was irradiated. Such a system 
gave rise to an organic yield of about 85% for BrbOm. The 
decay was then followed using a Streeter-Amet Printer which 
gave a conti11uous record of the counting rate in 60-minute 
intervals over the period that the decay was followed. 
Figure 5 represents the gross decay of the unextracted 
n-propyl bromide and, as can be seen, has been analyzed as 
the sum of five straight line decays. 
Figure 3 represents the decay of the two arsenic activi-
ties produced by (o_,o(n) reactions (101). It was possible to 
get such a sample since all arsenic was extracted into aqueous 
medium. All bromine activity could then be removed from the 
aqueous extracting solution by precipitating AgBr in a dilute 
HNO~ solution. The arsenic remained in solution, presumably 
as Aso3--- or Aso4---, and was counted ih a liquid counting 
tube. The decay curve shown in Figure 3 was followed only 
long enough so that the 17.5-day rate of decay was apparent 
for4several days. In two earlier runs the decay of 17.5-day As7 had been followed for over a month and its existence 
extablished. 
Figure 4 represents the decay of extracted n-propyl 
bromide. Since all arsenic was extracted into the aqueous 
layer, it was possible to extablish the three bromine 
activities by analysis of the decay of the extracted 
sample. In some early runs it sometimes appeared that a 
very small amount of 35.6-hour Brb2 was present. This 
tended to make the decay curve diffic.ul t to analyze. The 
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Analysis of gross arsenic decay curve into the As74 
and As76 activities formed by photonuclear reactions 
from Br79 and Br8l~ 
1000 




3~----------------~----------------~~------~ 0 5 10 
Figure 4o 
TIME IN DAYS 
Analysis of gross bromine decay curve into the 
Br80m~ Br76 and Br77 activities from photonuclear 
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Figure 5. Analysis of gross decay curve into the Br and As 
activities fo rmed by photonuclear reactions on 
Br79 and Br81 . 
Figure 4. In earlier runs the 57-hour activity had been 
established by counting for several half lives~ so in 
this particular run the decay was only followed long enough 
to get a good dete~nination of the 57-hour decay line. _n 
this final run the apparent 56.3-hour rate of decay wh~n 
subtracted gave an exceptionally good line for the Br7b 
at 17.3 hours. Both of these values are in quite good 
agreement with values listed in the literature. 
In analyzing the curve in Figure 5 it was necessa~~ 
to estimate the contribution of the arsenic activities 
to the gross decay. This was done by subtracting the 
appropriate amount of 17.5-day As74 from the curve such 
that the curve resulting from the subtraction tailed off 
with a 57-hour half-life. The amount of 26.8- hour As76 
which was then subtracted depended on the amount of4As74 
which had been subtracted. Since the amount of As7 
subtracted was about half of the amount in the arsenic 
decay curve (Figure 3), the amount of As7b subtracted was 
also about half the amount in the arsenic decay cui•ve. When 
the 57-hour Br77 activity was subtracted from the resulting 
bromine curve a straight 'line was produced which extended 
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down to about five counts pe1.." minute. This line gave a 
half-life of 17 hours. Subsequent subtraction of the 17- hour 
decay left a line which showed the 4.6-hour half-life of BrbOm. 
Retention of Br80m 
Effect of Temperature and Phase in the Pure Propyl Bromides 
It was felt important to determine the effect of phase 
and temperature in the case of the (o~n) formation of BrbOm 
in the propyl bromides and compare the results with those of 
the previous (n,~) studies. In the (n,6) activation of the 
propyl bromides (2, 3, 84) a definite effect of phase on 
retention had been noted, while little or no temperature 
dependence had been apparent. Figure 6 shows the results 
of a series of (o,n) runs at various temperatures for both 
n-propyl and iso-propyl bromides. There is a remarkab __ e 
similarity of these results to those of Libby and Fox (2) 
for the (n,Y) work on the propyl bromides. Especially 
important is the sharp jump in :>etention in going from 
liquid to solid phases. This effect was noted for both 
modes of activation. 
The counting method employed to obtain reproducible 
results for retention runs is shown in Figure 7. The aqueous 
sample was counted first in a specified counting tube. It 
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Figure 7o Retention and extraction curves showing 
determination of retention in n-propyl 
bromide at ooco 
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Br80 with its 4.6-hour parent Br80m and to obtain good 
counting statisticso The aqueous sample was then replaced 
with the extracted organic sampleo The latter sample was 
counted long enough to establish the 4.6-hour rate of 
decay of Br~Om and then was replaced with the aqueous sample 
which was counted again. In the nearly fifty such runs 
which were made, the two curves were always noted to be very 
nearly parallel. 
The value for n-propyl bromide at 0°C is the average 
of four runs on pure n-propyl bromide containing no added Br2. 
The retention values which were determined were 48.2%, 46.7%, 
46.5%, and 48.1%. The average of these values is 47.4%. Since 
these values we~e determined on samples from four different 
purification batches 1 the very close agreement of the values 
indicates that the n-propyl bromide was adequately purified 
with respect to olefinso The agreement also indicates 
reproducible extraction and counting techniques. 
In the case of liquid irradiations the accuracy of the 
values should be about +1% retention; but.1because of the 
tendency of the propyl oromides to form glasses when being 
solidified, the values in the solid phase could be a few 
per cent low. In the case of the pure compounds in Figure ~ 
this is probably not so. The glass forming tendency will be 
discussed further in later sections. 
In Figure 7 one notes a correction for volume and one 
for density. The density correction was discussed earlier 
in the section on radioactivity. The volume correction is 
applied since 25 ml of aqueous solution was shaken with 12 
ml of the propyl bromic.e • The extracted bromine would thus 
be more disperse~ than the retained bromine. The volume 
correction is used to account for this dispersion. 
Effect of Added Bromine in Liquid Propyl Bromides at 0°C 
To elucidate the importance of thermal type reactions 
it was felt necessary to obse1--ve what effects "scavengers" 
might have on the retention. This would be another facet 
of the comparison of the chemical effects of (n, '() and ((,n) 
reactions. Small amounts of Br2 had previously been observed 
to markedly lower the retention in alkyl bromides activated 
by thermal neutron capture (52,53,80,81,82,84). 
The curves in Figure 8 are felt to be as accurate as 
any determined in the present studies. As was expected, the 
curves exhibit a steep drop with the addition of small amounts 
of bromine, indicating the existence of thermal reactions for 
the (~,n) reaction in the propyl bromides. 
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Figure 8o Retention of (a' .9 n) produced Br80m :in 
propyl bromides as a f unction of bromine 
concentration at QOCo 
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The fact that 0.73 mole %of added bromine gave a 
retention value of 42% indicates that the value of 47.4% 
for the pure propyl bromide is not higher than it should 
be as a result of olefin impurities. Such a bromine 
percentage should appreciably decrease the retention 
yield. The parallel nature of the curves for both propyl 
bromides seems to add credence to the accuracy of individual 
values. No effort has been made to indicate the limits ·of 
error on a statistical basis, since all points except 0 mole 
% Br2 represent only one extraction. 
As more bromine was added to the propyl bromide, more 
sodium sulfite was needed to reduce all bromine to the 
bromide so that it could be extracted into the aqueous 
medium. In the case of 50 mole % bromine about 7 ml of 
bromine was present in 12 ml of n-propyl bromine. When 
extracting such a mixture 100 ml of aqueous solution was 
used, and it was found that the dens:i:ty of the resulting 
solution was about 1.4 g/cm3. When this increased density 
was taken into consideration, the retention value of 12.5% 
shown in Figure 8 was obtained. 
The 100-ml volume of aqueous solution was used when 
several millili te1 ... s of bromine were reduced since such 
large amounts of heat were given off in the reduction 
process. Even with 100 ml of aqueous solution · it was 
necessary to cool the solution during the shaking process. 
Although only one final run was made to determine the 
retention of pure iso-propyl bromide the value of 35.8% 
should be fairly accurate. It is noted that the value for 
0. 75 mole % Br•2 is 34% which indicates that the value for 
pure iso-propyl bromide is about right. 
The extrapolations to zero bromine concentration 
represent appl,ox irnat e dete::'minations of the retention which 
resuJ..ted from nonthermal or "hot" reactions. In general 
agreement with the postulates of previous invesgigators, 
these results indicate that about 25% of the Br Om 
· retention in liquid n-propyl bromide occurs as a result of 
nonthermal reactions and about 22%, as a result of thermal 
reactions. For iso-propyl bromide the respective values 
ar"e 23% and 13%. 
Effect of Added Bromine j_n Solid Propyl Bromides at -196 °C 
In an attempt to indicate possible thermal reactions 
in the solid phase the effect of added bromine was investi-
gated. Figure 9 shows the effect of bromine concentration 
on the retentio~ in the solid propyl bromides at -196°Co 
If an extrapolation to zero bromine concentration means 
anything, about 29% of the retention in solid n ... propyl 
bromide and about 34% in iso-propyl bromide r-esult from 
thermal reactions. The fact that such percentages are 
somewhat higher than one might consider possible will 
be discussed in a later section. 
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In the runs to obtain the points on the curve in Figure 9 
it was found difficult to completely eliminate glass formation. 
Three runs for n-pY•opyl bromide and one run for iso-propyl 
bromide resulted in l"'etention values 8% to 12% below the 
curves shown. In all these cases, however, there was a 
definite glassy appearance to the solid propyl bromides . In 
one experiment in which a low retention was obtained the 
bromine appeared as :red spheres suspended in the transparent 
and faintly red solid propyl bromide. 
As a result of this tendency of the bromides to form a 
glass which had previously been observed by other investi-
gators (2,84), great care was taken to obtain crystalline 
solidification. The samples were cooled very slowly and 
gave an outward appearance of' yellow crystalline opacity . 
The fact that the points shown in Figure 9 follow the curves 
quite closely indicates that the crystalline state was 
attained throughout the mixtureo However, further points 
should be determined as a check on those shown to make ~ure 
that they are as high as they should be. 
Effect of Added~,ft-Dibromoethylene in Liquid and Solid n- Propyl 
Bromide 
The use of~,~-dibromoethylene as a scavenger for thermal 
bromine atoms was discussed in an earlier section. 
Figure 10 shows the effect observed when cx,B-dibromo-
ethylene was added in increasing amounts to liquid and solid 
n-propyl bromide . A very sharp rise in the retention was 
noted for very low mole pez-centages of d ~-dibromoethylene. 
As more scavenger was added the rise became less sharp and 
leveled off as was expected. The extrapolation to zero mole 
% added scavenger indicates that of the total organic yield 




































30 TO ZERO MOLE 
PER CENT ADDED 
20 BROMINE 
10 
0 o 10 20 30 40 50 60 70 80 90 100 
MOLE PER CENT ApDED BROMINE 
Figur e 9o Retention of ( 't .9 n) produced Br80m in 
propyl bromides as a function of bromine 















N- PROPYL BROMIDE, -196.°C 
\ LIQUtD J_ PROPYL BROMIDE, 0° C. 
o~------------~5----------~,o~--------~,~5------~ 
MOLE PER CENT ADDED a.,./3 DIBROMOETHYLENE 
Figure 10. Retention of ( 1' j) n) produced Br80m in 
n-propyl bromide as a function of 
~,~-dibromoethylene concentration at ooc 
and - l96°C. 
47 
/ 
The effect of this scavenger in the solid medium was not 
very noticeable. The extrapolation to zero bromine concentration 
in this case indicates about 12% nonthermal inorganic and 3% 
thermal inorganic reactions. 
Relative Yields of Products Containing Br80m 
When the present investigation was initiated~ it was the 
primary intent to gather data as exemplified by this section 
on 0ields of products. If the various products containing Br8 m gould be satisfactorily separated and counted before 
the Br Om died out~ a valuable compari~on betwe~n the previousl~ reported results for the Brbl(n~O)Brb2 reaction 
and the (Q,n). reaction in the propyl bromides could be 
reported. 
In connection with Figure 2~ which represents 
liquid n-propyl bromide at 0°C containing 4.7 mole 
calculations will be given to show how such curves 
to determi:ne percentage yields. 
the run on 
% Br2 ~ 
were used 
Counting rates for all samples were corrected to a 
particular time by means of the parallel curves. At 18 
hours (see Figure 2) the counting rate for the initial 
sample (first ethyl plus methyl bromide) is 157 counts/min~ 
the second ethyl plus methyl bromide sample is 29.8 counts/ 
min and the third (ethyl bromide) is 43 counts/min. Since 
the first two samples were diluted before counting~ a · 
correction factor must be applied as foll9ws~ 157 x (8.0/5.0) 
: 251 for the first sample and 29.8 x (8.0/3.9) • 61 for the 
second • . 
A curve of counting rate versus volume of distillate taken 
over was plotted for the thrae counting rates above. The curve 
leveled off to an estimated 39 counts/min for ethyl brom±de. 
By noting the araa under the curve above 39 counts/min it was 
found that approximately 90% of the methyl bromide activity 
came over in the first 5 ml of e t hyl bromide distillate. The 
corrected counting rate for this sample is 251 counts/min. 
Subtracting 39 counts/min o~e arrives at the value of 212 
counts/min~ which is attrib~ted to methyl bromide. 
It was necessary to correct the 5-ml volume to the 
original volume in which the methyl bromide was dispersed 
prior to distillation . Since 13.4 ml of extracted n-propyl 
bromide were added to the mixture of carrier compounds in 
still pot~ it is evident that 90% of the methyl bromide that 
was originally dispersed ~n a volume of 13.4 ml has been 
concentrated into a voltime of 5.0 ml~ and the counting ra._te 
will have gone up accox•dingly. · · -~-
The calculation in Table 3 for methyl bromide contains 
the above cor~ection factors as well as the correction for 
the density of the ethyl bromide medium. 
A similar estimate was made for the ethylidene bromide 
by subtracting counting rates for methylene and ethylene 
bromides from the peak counting rates of intermediate 
samples. 
In the case of higher boiling or "polymer" activity 
above the trimethylene bromide~ it was necessary to count 
a pure sample of trimethylene bromide and then subtract 
its counting rate from that of the liquid remaining in the 
still pot. Since the counting rate for the final sample was 
640 counts/min and that of the trimethylene bromide was 
127 counts/min_, the l'"a te caused by "polymers 11 is about 513 
counts/min. The total volume remaining in the still :pot 
was 8 ml so that; the "polymers" had been concentrated by 
a factor of 13.4/8 in the distillation process. 
All other yields were determined directly from the 
individual counting rates. All compounds for which carriers 
were added would disperse into the volume of each added to 
the still pot, so it is appa~ent that they would be diluted 
by factors of 13.4/20 in all cases except propylene bromide 
which would be diluted 13.4/30. 
The sum of the corrected counting rates for the aqueous 
sample and the unfractionated n-propyl bromide was taken as 
100%. The percentage total listed represents the sum of 
individual percentage yields plus the percentage yield of the 
aqueous sample. The curve for iso-propyl bromide is not 
shown on Figure 2 because it ve!'3~ nearly coincided with two 
others and would have made the graph difficult to interpret. 
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It is noted that the density factor of 0.74 for methylene 
bromide is used for ethylene bromide. In order to estimate 
the yield of ethylidene ·bromide it was necessary to correct 
the ethylene bromide counting rate to the value it would 
exhibit in a methylene bromide medium. 
Recent evidence for a greater multiplicity of products (5) indicates that the veF~ close agreement of the sum to 
100% probably results partially from a cancellation of errors. 
However, all indications are that any further products would 
be present in very small amounts. No noticeable distillation 
peaks were observed other than the three here reported, and 
this is in agreement with the observations of previous workers (2). 
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Table 3 
Sample Calculation of Percentage Yields 
for Curves Shown in Figure 2 
Compound Application of 
Correction Factors 
Methyl bromide 212 X 5.0 X 1.00 : 90.3 
0.905 1~ u:g( 
Ethyl bromide 39 X 20.0 X 1.00 • 60 
'I'3":""2+ u:g( 
iso-Propyl bromide 45.6 X 20.0 X 1.00 = 67.5 
J:"3':Lt r.oT 
n-Propyl bromide 458 X 20.0 X 1.00 : 684 
'I'3":""2+ 
Methylene bromide 102 X 20.0 X 1.00 : 206 
n-:4 0.74 
Ethylidene bromide 27 X 3~4 X 1.00 • 9 
~ u:-74" 
Ethylene bromide 79 X 20.0 X 1.00 : 159 
u:4 G.7'1f 
Propylene bromide 120 X 30.0 X 1.00 : 307 
1'3':4 O:B75" 
Trimethylene bromide 127 X 20.0 X 1.00 • 220 
T3":"2t O:B"55" 














Aqueous 72.4 0 
100.5 0 
No attempt has been made to determine the nature of the 
"polymer" activities, and there are undoubtedly a number 
or· these higher boiling compounds produced. 
The results of the (i,n) studies compared to the 
previou~ (n,t) studies (2) a8~ reported in Tables 4 and 5. 
The (n,o) .results are fo8 Br , but recent work by Levey an~ Willard (54) with Br 0 indicates that the results for 
Br 0 by neutron activation are very similar to sBose for 
Br82. Thus, one might expect the yields for Br m from 
ne~~ron capture to be essentially the same as those for 
Br • 
From the very start little difficulty was encountered 
in obtaining reproducible retention values in the solid 
state irradiations. Such rep:r:.•oducibility gave encourage-
ment at a time when liquid state irradiations were far 
from giving reproducible results. Previous workers (2) 
had indicated that impurities have little effect in the 
solid because they are, effectively, "frozen out". 
The first solid run on n-propyl bromide listed in 
Table 4 represents the first successful separation of 
essentially pure fractions of all compounds. Because the 
various products were not all counted in the same tube, 
the results are not considered to be as accurate as those 
of the second run listed next in Table S~ The second run 
was one of the final ~1ns made and should be quite accurate. 
But what is impm:.--ta;.'1t :!.s the close agreement of the two 
runs to themselves and to the previous (n,~) work. Even 
more impressive is the agreement of the two runs in solid 
iso-propyl bromide and their similarity to the (n,i) 
results for Brb2. 
;J;n the liquid irradiations thG agreement between (n, n 
and (~,n) reactio~s is not quite as striking. There seems 
to be a noticeable increase in yields of the dibromides, 
but very little change in the yields of the monobromides. 
There is some doubt as to the accuracy of the value for 
propylene bromide for the irztadiation of liquid n-propyl 
bromideo The retention is about 7% higher than the value 
accurately determined by short r1.ms o This particular sampJ.e 
of n-propyl bromide was not quite as highly purified as 
it might have been, and impurities or slight radiation 
damage could explain the increase. Hydrogen bromide is one 
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of the primary forms of inorganic products, and it is possible 
that in a long irradiation the HBr activity would concentrate 
in the vapor" above tha ir:-adiated liquid. Since no attempt 
was made to captuz>e the vapors in the extraction process, it 
is conceivable thet some inorganic yield cou_d be lost in 
this way for long irradiations. Such a loss would give rise 
to a high value for retention. 
If the above increase wel"'e spread throughout all compounds 
it would not affect their values much, but if it all went 
to the formation of one compound, such as propylene bromide, 
then thj_s value would be quite high. Further ::'Uns should be 
carried out to obtain a better value for retention. It is 
suggested that a very small amount of bromine be present 
during irradiation to ove:>come any radiation damage effects. 
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Table 4 
Yields of Products in n-Propyl Bromide 
Reaction 

















0 4.7 5 
Solid State 
0 0 0 
All at -196oc 




65.3 72.4 76 
1.2 1.4 
1.2 0.7 0.8 0.3 
1.9 1.7 0.9 0.8 
19.7 17.1 8.8 8.6 
















11.3 10.9 11.6 
2.0 0.8 
2.9 4.0 2.7 
3.8 3.4 3.4 
32.3 28.7 26.9 
2.3 3.2 2.4 
0.5 
5.0 8.3 6.0 
. 15.6 17.9 17.8 
10.0 9.0 10.4 
15 . 0 11. 1 12 • 1 
100.2 "§7:'"8" 
aFrom data of Libby and Fox (2). 
bCalculated from data of Chien (4) as listed in a later 
reference ( 5) . 
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Table 5 
Yields of Products in Iso-Propyl Bromide 
Liquid State Solid State 
Reaction (t,n) (n,O)a ( (, n) (I, n) (n,t)a (5, n) 
Mole % Br2 0 0 0 0 0 33 
Temperature 0°C 25oC All at -196oc 
Br80m Br 82 80m 80m Br82 80m Isotope Br Br Br 
Compound Percentage Yields 
Aqueous 60.5 68.3 1.6 2.3 5.7 52 
Methyl bromide 1.8 1.2 1.7 0.3 
Ethyl bromide 0.6 0.7 2.4 2.6 1.7 0.3 
iso-Propyl bromide 14.2 9.3 13.9 14.2 11.7 7.6 
n-Propyl bromide 1.4 2.5 30.2 29.5 31.8 4.0 
Methylene bromide 3.7 3.0 2.4 2.2 
Ethylidene bromide 1.6 1.9 1.3 1.1 
Ethylene bromide 2.6 5.4 6.5 6.8 4.5 2.9 
Propylene bromide 8.5 2.3 20.4 17.3 18.5 14.2 
Trimethylene bromide 0.9 0.8 6.6 8.3 7.5 3.5 
"Polymers" 3.4 2.9 12.3 12.8 12.4 17.4 
98:5 98":-I 99."8 1~5.5 
aFrom data of Libby and Fox (2). 
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The retention value for the run on liquid n-propyl bromide 
at 0°C with 4.7 mole %added bromine is within one per cent of 
the value expected from the curve in Figure 8. A decrease in 
all yields except "polymers" is noted. The most impressive 
aspect of these results is their very close similarity to the 
data of Chien (4) for the (n,6) reaction with 5 mole %added 
Br2 . 
The retention value of 48% for the irradiation of solid 
iso-propyl bromide at -196oc containing 33 mole % Br2 falls 
on the curve shown in Figure 9. The most striking change 
noted as a result of added Br2 is the drop of n-propyl bromide 
yield from 31.8% to 4.0%. One notes also an increase in 
"polymer" yield and only a slight decrease in propylene 
bromide yield. The irradiation time for this run was cut 
short and as a result not as much activity was produced as is 
desirable. The total yield value of 105.5% for this run is 
partially explained by the low statistical accuracy due to 
counting rates. 
Possible Isotope Effects 
Parent Compound Yield Compared to Total Organic Yield 
The theory that recoil atoms re-enter combination to 
produce the parent compound primarily by elastic collision 
mechanisms has been proposed by Libby (2,3,84). To test 
this theory it was desirable to check the n-propBl bromide 
yield compared to the total organic yield for Br Om and 
Br76. As will be shown later in the discussion of results, 
if an elastic collision mechanism is important, one6might 
expect8a lower yield of the parent compound for Br7 than for Br Om because of the smaller mass of Br76. 
Liquid n-propyl bromide at ooc was irradiated for five 
hours at a beam intensity of about 400 roentgens per minute. 
The irradiated sample was extracted with the aqueous sulfite 
solution. After the extraction was completed, a portion 
of the extracted n-propyl bromide was saved and counted. 
The remainder of the extracted n-propyl bromide was added 
to the mixture of carriers and fractionated. The n-propyl 
bromide fraction was counted for several days and its decay 
compared to that for the unfractionated n-propyl bromide 
sample. Figure 11 shows the parallel nature of the twg curves. 
The eg8ected decrea se of parent compound yield for Br7 compared 
to Br m is definite ly not apparent. Actually, according to 
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Figure 11. Curves showing the absence of a decrease in ratio of 
parent compound yield to total organic yield in going 
from 4o6- hour Br~Om decay into 17-hour Br76 decayo 
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show a very slight increase relative to the total yield. This 
increase~ however, is within the statistical error of the 
counting rate of the parent compound sample. 
Since both samples contained essentially the same medium, 
density effects could not have entered in. Because of the very 
high energy of the particles emitted on decay, slight differences 
in wall thickness for the two counting tubes used should not 
have any significant effect. The glass wall thicknesses for 2 
all counting tubes are listed by the manufacturer as 30 mg/cm . 
Retention of Br76 2 Br77, and Br80m 
One of the main reasons for attempting the analysis of 
the gross decay curve was to observe possible isotope effects 
•Qn retention. 
The curves of6Figu~~s 4 and8~ can be used to determine 
retentions for Br7 , Brff and Br Om in solid n-propyl bromide 
at -196oc. Since the curve of Figure 4 represents the total 
retention or organic yield and the curve of Figure 5 represents 
the total yield, both organic and inorganic, the analysis of 
each curve into the three bromine activities makes possible a 
direct determination of retention for each bromine isotope. 
One needs only to correct the counting rates in one counting 
tube to what they would be in the other tube. 
A given sample of n-propyl bromide containing Br80m was 
divided into two portions. One portion was counted in the tube 
mentioned above for the total yield, and the other was counted 
in the tube used for organic yield. The former tube gave a 
counting rate which was 0.87 of that in the second tube. 
If one desires to use the aforementioned curves to calculate 
retentions, the counting rates found in Figure 4 §~st be ~ulti­
plied by a factor of 0.87. The retentions for Br m, Br7 and 
Br77 as calculated from the curves were 87%~ 67% and 62%, re-
spectively. Since these are the results of only one run, it 
is definitely felt that they should be checked by future in-
vestigators. 
Both of the above samples contained activities in forms 
of varying volatility, so it was felt absolutely necessary to 
quickly p~ace both samples in given counting tubes and keep 
the tubes well stoppered during the progress of the counting. 
The nature of the decay curves in both cases indicates that 
no activity was lost due to boiling off of highly volatile 
components. 
The very fact that different counting tubes were used 
raises the possibility of error. Thus if the glass wall were 
thicker in one tube than in the other the counting rate of 
one of the activities might be affected more than another 
because of the different energies of their emitted particles. 
The Br80m was counted by means of the 2.0-Mev beta 
which is emitted by its immediate daughter, Br80. The Br76, 
on the other hand, was counted directly by means of its 3.6-
Mev positron. The only radiation detectable in the decay of 
Br77 is the 0.34-Mev positron which is emitted in 5% of the 
decays. The half-thicknesses for a 2.0-Mev beta and a 3.6-
Mev positron are 102 and 340 mg Al/cm2, respective ly~ while 
the value for a 0.34-Mev positron is only 8 mg Al/cm~. The 
first two half~thicknesses are large enough to indicate that 
slight differences in the thickness of the walls should be 
unimportant, but the very low value of 8 mg Al/cm2 for the 
third is indicative of a high susceptibility to such differ-
- ences. 
The above difficulties are not at all insurmountable . 
One could easily check the relative counting efficiencies 
of two tubes for all three activities by placing a portion 
of the same sample in each tube and following the decay. 
Subsequent analysis would give counting rates for each 
activity in each tube. The rates could then be compared to 
give counting efficiency ratios for all three activities. 
Thus, instead of the one factor of 0.87 as was used above, 
there might be three factors, one for Br~Om, one for Br77 
and one for Br76. 
In a run on liquid iso-propyl bromide at ooc which was 
carried out prior to the above run the analysis of the decay 
curves for the total retained activity and for the total 
extracted acti~ity indicated only a slight difference in 
yields for Br7 and Breom. The retention of Br76 seemed to 
be about 3 or 4% lower than that of Br80m. However, since 
the densities of the propyl bromide and aqueous media were 
different, the results are probably not as accurate as the 
results for the above run on solid n-propyl bromide in 
which both samples were counted as liquid n-propyl bromide. 
DISCUSSION OF RESULTS 
Nuclear Reactions 
The Br79(Q',2n)Br77 and Br79(t.93n)Br76 reactions here 
reported have not previously been reported in the literature. 
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Since the main concern of this research was not with the 
complete proof of existence of the above reactions, only a few 
aspects of such proof were considered. The half-lives of the 
products as determined here agree quite closely with previously 
reported literature values. One run on a scintillation spec-
trometer gave energy lines of apprgximately the correct values 
for Br77. However, not enough Br7 was produced to give ob-
servable lines. 
Another indication of the production of thes~ two nuclides 
was the relative zero time counting rates for Br7b and Br77 in 
the G.M. tubes. On a theoretical basis, a much greater amount 
of the (0,2n)-produced Br77 would be expected than of the (Q,3n)-
produced Br76. However~ only 5% of the Br77 decays are by 
emission of a 0.34-Mev Qositron, the remainder being by elec-
tron capture, whi l e Br7b decays almost entirely by emission of 
a 3.6-Mev positron. Since the 0.34-Mev positron has a half-
thickness of only 8 mg Al/cm2, only a very small portion of 
these positrons would pass through the 30-mg/cm2 glass wall 
of the counting tube. On the other hand 2the 3.6-Mev positron 
has a half-thickness of 340 mg Al/cm2 ana would be only very 
slightly absorbed in the tube wall. The liquid medium would, 
of course, exhibit the same effect as the tube wall in de-
cre~sing the counting rate of the Br77 with respect to the 
Br7b. A correction factor for absorption coupled with the 
factor of twenty for the fraction of Br77 decays which are 
observable should give a corrected zero-time ratio for the 
two counting rates which is approximately the same as the 
ratio of counting rates expected theoretically. 
The Br8l(j,~n)As76 and Br79((,~n)As74 reactions had 
previously been reported in the literature (101), and it is 
evident that they were Q§oduced here. A short-lived activity, 
presumably 90 - minute As ·r , was also noted, but no attempt was 
made to determine its half-life. The above workers (101) had 
also re2orted the possibility of the Brel((,c0As77 reaction. 
The As77 has a reported half-life of 39 hours. No such 
activity is apparent in the curve of Figure 3. 
Momentum Considerations and Isotope Effects 
Libby (2,3,75,84) has proposed that recoil atoms re-
enter combinat ion as parent compounds primarily by an 
elastic collision mechanism. Thus~ a high energy recoil 
atom making a direct collision with an atom of similar 
mass can transfer nearly all of its energy to the struck 
atom. It would then be captured by the remaining molecular 
fragment. 
. . 
To test this hypothesis the experiment discussed on pages 
S4w~was made to see if the ratio of parent §ompound yigld to 
total organic yield would be different for Br Om and Br7 . As 
is noted in Figure 11, no appreciable difference was evident 
although one might expect at least some change if an elastic 
collision mechanism is important. 
The following equation gives the minimum energy that a 
particle can have following a direct collision with another 
particle, 
Er = E i ( M - M 1 ) 2/ ( M + M 1 ) 2 , 
in which Ei is the energy before collision, and M and M1 are 
the masses of the two particles involved in the cQllision. 
Thus,if a Br~O atom strikes either a Br79 or a Br~l atom:tt 
can end up with a minimum energy of about l/250,000th of 
what it had prior to the collision. But, if a Br76 atom 
hits a Br79 atom the minimum energy it can have is agproxi-
mately l/27,000th of its previous energy. For a Br76 atom 
striking a Br~l atom the factor is about 1/1000. 
Initial recoil energies from (a,n) activation would be 
in the range of 100 to 500 kev. Assuming an initial recoil 
energy of 100 kev, which is approximately 4000 times the 
C-Br bond energy, it would be possible for a Br80 atom to 
end up with an energy of about one-sixth of the energy of 
the C-Br bond after a single collision. Using the same 
equation it is found that for a Br76 atom striking a Br81 
atom the minimum energy would be 4 time~ the C-Br bond 
energy. According to Libby (75) the Br~O atom would be 
expected to be captured6and form the parent compound. On 
the other hand, the Br7 would recoil with such force that 
it could not be captured. 
· Since the energy required to breag the reaction "cage" 
is about 25% of the bond energy, a Br7 atom having an 
energy greater than 6000 e~ could not lose enough energy 
in one collision with a Br~l atom to be recaptured by the 
parent fragment. It is e vident that there is quite a 
large energy range in which a Br80m could be recaptured, 
whereas a Br76 atom could not. I t lower energies glancing 
collisions could still result in non-capture. 
An expression for average energy loss per collision has 
been developed (75 ) . According to thiBexpression the average 
energy loss for Br8~ atoms striking Br8 1 atoms is very nearly the same as for Br7 atoms striking Br 1 atoms. Thus, the 
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average number of col l isions required to lower either Br76 or 
Br 0 to thermal energies is about the same. The significance 
of this is mainly in the fact that only when the atoms collide 
very nearly head-on will Br76 and Br80 atoms of a given energy 
end up with appreciably different energies. And yet, the only 
collisions which can result in almost complete loss of energy 
are the very nearly head-on ones. For any case in which the 
energy retained after collision is less than about ten per cent 
of the energy held prior to collision, the mass difference 
effect would be significant. Until the energy of the recoil 
atom is lowered to about 10 ev, there will be an expected 
effect due to mass differences. When the recoil atom has 
an energy of more than about 10 ev a glancing collision 
which leaves it with more than 10% of its original energy 
will allow it to escape from the reaction "cage". (The 
energy necessary to escape such cages is about 1 ev.) 
However, when the recoil atom reaches energies of 10 ev or 
less it can lose energy in inelastic collisions with the 
whole molecules to form products other than the parent 
compound. If an elastic collision mechanism to produce the 
parent compound is important, all these considerations point 
to a lower ragio of parent compound yield to total organic 
yield for Br7 than for Br80m. The fact that such a decrease 
is not apparent indicates that only a very small portion of 
the reactions involve "hot" atoms with energies greater than 
about 10 ev. 
Other comparative data tend to discredit the fact that 
parent compounds are produced primarily by elastic collision 
mechanisms. 
Referring to Table 4 one notes onl~ a very slightly 
larger n-propyl bromide yield for the (~,n) reaction than 
for the (n,o) reaction. One might expect a much larger 
value for the parent compound yield from the (6,n) reaction, 
because of the much greater chance of an elastic collision 
mechanism taking place. But what is even more important is 
the ·fact that thermal reactions seem to be responsible for 
'about half of the parent compound yield inn-propyl bromide. 
Referring to Table 4 it can be seen that the presence of 5 
mole % Br2 lowers the n-propyl bromide yield from 19.7% to 
8.8%. As was previously mentioned, most of this difference 
is considered to be the percentage yield due to thermal 
processes. 
The fact that nonthermal reactions are practically 
independent of initial recoil energy is shown by the agree-
ment of the n-propyl bromide yields for both C{,n) and (n,c) 
t, 
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reactions in liquid n-propyl bromide containing about 5 mole % 
added Br2. If one assumes an average initial recoil energy of 
about 100 ev for the (n 6 ) reaction~ the values of 8.8% for 
(o,n) and 8.6% for (n,o) indicate that recoil atoms above 100 ev 
energy rarely re-enter the parent compound as the result of one 
elastic collision. 
The fact that the non-thermal organic yield for the (O,n) 
reaction in n-propyl bromide of 25% is only 4% higher than the 
21% for the (n,~) reaction, also indicates a lack of importance 
of elastic collision mechanisms. 
Very recent work by Levey and Willard (54 ) ha~ compared 
the effects of the Sr79(n,t)Br80 and BrbOm(I.T.)BrbO reactions 
in the propyl bromide~. Some Qf their data are compared with 
the results of the Brbl(o,n)BrbOm reaction in scavenged 
n-propyl bromide as shown in Table 6. Again it is seen that 
even in the case of the isomeric transition activation a 
yield of 7.7% for n-propyl bromide is noted. These results 
seem to further agree with the postulate that elastic col-
lision mechanisms to produce the parent compound do not often 
occur. 8 Indeed in the case of the isomeric transition reaction, 
the Br 0 atom would never have enough energy to be involved 
in an elastic collision of the kind that has been discussed 
above. 
Results which have thus far been reported concerning 
retention in crystalline propyl bromides indicate the existence 
of an isotope effect. Libby and coworkers (2,84) have proposed 
a theory that initial recoil energy is important to the 
amount of retention because it determines the size of the 
pseudo-liquid volume produced in the solid. In light of the 
preceding discussion such an explanation appears to rest on 
a weak foundation, and, as will now be shown, other data of 
the present research tend to discredit this theory. 
Table 7 shows a comparison of the retention yields for 
various nuclear reactions in the crystalline propyl bromides. 
One notes an increase of 7% in n-propyl bromide and 13% in 
is§Bropyl bromide for the retention from the (n,~) produced 
Br m. These increases are in direct opposition to the re-
coil energy theory which proposes a decrease of retention 
in the solid when the initial recoil energy increases. 
Admittedly, the pseudo-liquid volume formed by the (o,n) 
reaction would probably contain a higher density of radicals 
and a higher organic retention would result. But the size 
of the pseudo- liquid volume would be very much greater in 
the case of the ( 6,n) reaction. Would the recoil atom ever 
62 
Table 6 
Comparison of Product8Yields for the Br80m(I.T.)Br8o, Br79(n;()Br80 
and Brel(~,n)Br Om Reactions in Liquid Propyl Bromides 
Compound Irradiated iso-Propyl Bromide n-Propyl Bromide 
Mole % Added Br2 0 0 0 5 5 4.7 
Mode of Activation (n,6')a (I.T.)a ( (, n) ( n , / ) a ( I . T . ) a ( (, n ) 
Compound Percentage Yield 
Ethyl bromide 0.14 0.6 
iso-Propyl bromide 10.1 9.9b 14.2 
n-Propyl bromide 1.0 2.9b 1.4 
Methylene bromide 3.7 
Propylene bromide 8.5 
Total retention 23.6 21.4 b 36.0 
aFrom data of Levey and Willard (54). 
b Average of three listed values (54). 







reach the semi-molten volume proposed by Libby and Fox (2) 
before either entering organic or inorganic combination? 
It is interesting to0note that the retention values listed in Table 7 for Brt5 m by ( t,n) are in both cases quite 
close to those for Br82 by (n,~) activation. · 
If Br77 is not included because of the inaccuracies 
discussed previously, there remain the retention values of 
87% for Br~om and 67% for Br7b. This difference is in 
direct opposition to the recoil energy hypothesis. The 








Retention in Crystalline Propyl B~omides for Br79(n,6)Br8°m, 
Br~l(n,6)Br52 and Br8l(~,n)Br~Om Reactions at -196°C. 
Compound Nuclear Reaction % Retention 
n-Propyl bromide Br81 (n,~)Br82 86.7a 
Br79(n,{ )Br80m 78.2a 
Br8l(~,n)Br80m 85 
iso-Proyl bromide Br8l(n~~)Br82 93a 
Br79(n,~)Br80m 83a 
Br8l(O,n)Br80m 96 
aFrom data of Rowland and Libby (84). 
would be expected to be less than that following a (in) 
reaction unless all three neutrons were given off simulta-
neously in nearly the same direction. 
If this lowering of retention for Br76 had been noted 
in the case of the liquid irradiation too, then one might 
suspect the rna~ difference mechanism suggested at the first 
of this section. However, since the momentum considerations 
failed to hold in other cases in which they might much more 
logically be expected to do so, one should be hesitant to 
postulate such a mechanism even if more accurate future data 
for the liquid propyl bromides indicate an isotope effect. 
Increased retention yields in solid state irradiations 
for photo-induced reactions can be partially explained on 
an organic radical densit~ basis, but decreased yields 
compared to those for (n,o) activation do not see~ to fit 
the picture. The fact that the retention for Br7 in solid 
n-propyl bromide is apparently less than that for any 
bromine isotope which has been produced by neutron activa-
tion indicates that other factors not yet understood must 
be taken into consideration. 
I, 
64 
Such isotope· effect considerations are obviously in a 
state of confusion at present. Much more data are needed to 
clear up the picture. The fact that isotope effects have not 
been noted in alkyl iodides does seem to indicate that any 
variations in the alkyl bromides are primarily due to chemical 
causes or the delayed emission of '( 's. . 
In the (a,n) reaction to form Br80m it is conceivable 
that ~-rays are given off a~ong with the neutron in ~reducing 
the relatively stable BrBOm atom. If some of these ~ 's are 
delayed long enough, the recoil atom might already have settled 
back into combination before the ~-ray were emitted. If the 
(-ray were of the proper energy~ it could be internally 
converted and result in disruption of the newly produced 
molecule. This process might then be repeated by the emission 
of further such (•s. It is conceivable that different 
isotopes or the same isotopeby different modes of activation 
would have different emission properties. Such variations 
could be the cause for isotope effects. 
Some Important Chemical Effects of the Br8l((,n)Br80m Reaction 
and Their Comparison to Those of Other Modes of Activation 
Phase Effect Comparisons 
As is apparent from Figure 6~ the phase effect which has 
been reported by other wo~kers (2,84) for (n,t) activation 
was also noted for the Br~l((,n)Br80m reaction in the propyl 
bromides. The fact that the results are quite similar for 
both nuclear reactions indicates that the determining factors 
for product yields are primarily chemical in nature. 
The postulate of Libby and Fox (2) was that the increased 
retention in solid state irradiations is the result of dense 
fragmentation in a semi-molten volume at the edge of the 
pseudo-liquid volume and the increased energy necessary for 
a recoil atom to break out of the so-called reaction "cage". 
It was postulated that the recoiling atom had such a low 
energy when entering the semi-molten volume that in ine-
lastic collisions with whole molecules, it would replace 
carbon and hydrogen atoms to form products other than 
parent compounds. 
As Willard (6) has pointed out, Libby and Fox did not 
consider the possibility that inorganic reactions also occur 
with recoil atoms by non-thermal processes. In other words, 
what is there about the solid phase irradiation which results 
... 
in such a large increase in retention, when the semi-molten 
volume would be expected to have an increased number of 
inorganic as well as organic radicals? For one thing, in 
the more rigid solid phase the breakage of more C-C bonds 
would be expected$ and this would result in an increased 
number of organic radicals without increas·-ing the number of 
inorganic radicals. Another possibility is that suggested 
by Levey and Willard (54) concerning · the effect of density 
in gas phase studies. They postulated that at higher 
densities the inorganic radicals might diffuse proportion-
ately faster than the organic radicals. Certainly, in a 
semi-molten volume an organic radical would have much less 
freedom of movement than an H atom. (Inorganic radicals 
would be mostly H atoms although a small percentage would 
be Br atoms.) 
The yield of trimethylene bromide in liquid iso-propyl 
bromide is very small. This is expected since trimethylene 
bromide has bromine atoms on the two end carbon atoms while 
iso-propyl bromide has its bromine atom on the center carbon 
atom. But in the solid phase the yield is increased over 
that in the liquid by a factor of 10. Such an increased 
yield can most logically be exp lained as a result of frag-
mentation into one and two carbon radicals which recombine 
to form the trimethylene bromide. In the liquid .such 
radicals could more easily diffuse away from the site of 
their production than in the solid, and would have less 
chance of recombining. 
One notes that no difference in yield of the parent 
compound is observed in liquid and solid 6-ray irradiations 
of iso-propyl bromide. Thus~ there seems to be little 
enhancement of this particular reaction which probably 
involves replacement of bromine atoms. However, it does 
appear here that a good deal of the iso-propyl bromide 
which might otherwise have been formed isomerizes to 
give n-propyl bromide. This jump of n-propyl bromide 
yield from 1.4% in liquid iso-propyl bromide to 30% in 
solid iso-propyl bromide may have something to do with 
the orientation of molecules in the solid. This orienta-
tion may result in a greater number of excited propyl 
radicals~ any one of which could capture the recoil bromine 
atom and isomerize to n-propyl bromide. The increase of 
n-propyl bromide yield in solid n-propyl bromide might also 
be explained by such an increased excitation of propyl 
radicals in the immediate "cage" around the recoil atom. 
Such excitation will be discussed further in connection with 
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the relatively small yield of n-propyl bromide from solid iso-
propyl bromide containing 33 mole % Br2. 
As will shortly be discussed, the retention of Br80m in 
liquid n-propyl bromide for (t,n) activation is about 13% 
higher than of Br80m for (n,~). This parallels the similar 
7% difference in solid n-propyl bromide and the same effect 
is noted in iso-propyl bromide . It is certainly ex~ected . · 
that the pseudo-liquid volume resulting from a (t,n) produced 
Br~Om atom would contain a much higher concentration of 
radicals than such a volume resulting from an (n,f)- produced 
Br80m atom . This suggests the possibility that the larger 
solid state retention noted for the (),n) reaction i s the 
result of the greater proportion of reactions of recoil atoms 
with organic radicals in the pseudo-liquid volume. If the 
increase is taken care of in the pseudo-liquid volume then 
there will be no increase in the semi-Molten volume. 
A higher concentration of organic radicals has a much 
more noticeable effect in causing a higher thermal organic 
yield than it does in increasing the nonthermal organic · 
yield. Since thermal reactions would probably occur only 
to a small extent in a semi-molten vog8me, one might expect 
that both (n,o) and (o,n)-produced Br m would form about 
the same percentage of organic products in the semi-molten 
volume. 
Relative Yield Comparisons 
The fact that the relative yields for all organic 
compounds are so nearly the same for various modes of 
activation either for liquid or solid irradiations indicates 
that probability factors are important in determining yields. 
Only in the case of the iso-propyl bromide yield in liquid 
iso-propyl bromide is there an appreciable increase in parent 
compound yield for the (o,n) compared to the (n,~) reaction. 
In general, for reactions which should not be very dependent 
on radical density, the yields are nearly the same no matter 
what the mode of activation. Trimethylene bromide could 
hardly be produced as a result of a thermal diffusion re-
action m iso-propyl bromide, and its y,ield is, as expected, 
very small for both the (t,n) and (n,6) reactions. There 
is, in other words , a certain small probability that the 
appropriate condensation of fragments or rearrangement of 
bromine atoms will occur to give trimethylene bromide no 
matter what the initial nuclear reaction is . 
r 
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Contemporary workers (97,98) have indicated that various 
modes of activation in liquid alkyl iodides produced no 
appreciable differences in retention. Recently, however, it 
has been reported that the Br79(n,2n )Br78 reaction in n-propyl 
bromide gives rise to a retention of 44% (102). The results 
of the present research give a value of 47.4% for the Br~l(Y,n) 
Br80m reaction. These values are both appreciabl¥ higher than 
the value of 34% previously reported for the (n,() formation 
' of bromine activities. 
As is evident from the results for scavengers, the in-
creased retention for the (t,n) reaction is primarily due to 
thermal diffusion type reactions. This would seem to be 
expected on the basis that the main effect of increased recoil 
energies would be a greater production of radicals in the 
immediate vicinity of the recoil atom. The breakage of C-C 
bonds could increase the number of organic radicals without 
increasing the number of inorganic radicals. However, such 
thermal reactions would usually involve organic radicals, 
because of the much faster diffusion of inorganic radicals 
which would cause their concentration to decrease more than 
that of the organic ones. 
One important fact to note is that if one compares the 
various yields resulting from (n,¥) and (~,n) reactions in 
liquid propyl bromides the most noticeable increases are in 
the production of one and two atom compounds, and propylene 
bromide. In the solid state irradiations only ethylene, 
methylene and ethyl bromides show appreciable increases for 
the ((,n) compared to the (n~o) reaction. 
For nonthermal reactions as shown by the propyl bromides 
containing 5 mole % added Br2 , the same increase in yields 
for ethyl, methylene, and etnylene bromides is noted, whereas 
only propylene bromide of all the others shows an appreciable 
increase. 
v Again the comparison of the I.T. (isomeric transition), 
(n,o) and (a(,n) results shown in Table 6 indicates a hi~her 
yield for methylene bromide by (Y~n) than by either (n,o) or 
I.T. reactions. 
Such data indicate an increased number of one and two 
carbon radicals both in the reaction "cage" in which non-
thermal reactions take place~ and in the immediate vicinity 
outside of the "cage" in which thermal reactions occur. 
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The yield for propylene bromide is higher for both (6,n) 
and (I.T.) reactions than for the (n,6) reaction. This latter 
fact seems to indicate a higher degree of excitation of propyl 
radicals in the case of the (o,n) than in the (n,6) case, 
because the I.T. reaction would almost certainly involve exci-
tation of propyl radicals)~ even to the extent of forming ions, 
as a result of the high positive charge on Br atoms produced 
by the isomeric transition. 
This greater excitation of propyl radicals seems to be 
indicated by the increased production of Qropylene bromide 
in the (o,n) reaction compared to the (n,o) reaction. The 
fact that the n-propyl bromide yield rises so sharply in the 
solid state irradiation of iso-propyl bromide compared to the 
liquid irradiation gives credence to the idea of excited iso-
propyl radicals which isomerize with a switch of bromine to 
an end carbon. Such increased excitation in the solid might 
be expected because of the more rigid structure of the solid 
compared to the liquid. 
In the run on solid iso-propyl bromide with· 33 mole % Br2 
added, a yield of only 4.0% for n-propyl bromide was noted. 
This is very much less than the yield in pure solid iso-propyl 
bromide. The over-all retention for such a bromine concentra-
tion is 48%, which is just half of that for no added Br2 . 
Thus....?one might expect all yields to be one half as great in 
the 33 mole % bromine mixture. However, the "polymer'' yield 
actually shows an increase, and the propylene bromide shows 
only a slight decrease. 
If only a dilution effect were noted the yield of n-
propyl bromide would be about 16%)1 "polymers" about 6% and 
propylene bromide about 9%. The actual n-propyl bromide 
yield is 12% below the expected value, and the sum for 
propylene bromide and "polymers" is 16% above the expected 
value. It is evident that many of the reactions which would 
normally form n-propyl bromide form propylene bromide and 
other dibromo and tribromo compounds as a result of the 
large amount of bromine available. In the process of re-
acting with bromine atoms, the highly excited propyl radicals 
apparently can add varying numbers of bromine atoms. 
The term "polymer" is obviously not the most correct 
word to describe all high boiling products. Undoubtedly, 
some of these products are polybromo compounds of methane, 
ethane and propane which are definitely not polymeric. 
Comparisons of the Scavenger Effects 
The effect of scavengers in liquid propyl bromides 
parallels that noted by other workers for the (n,5) reaction 
(82,84) and the (n~2n) reaction (102). 
Table 8 shows a breakdown of organic and inorganic yields 
into thermal and nonthermal reactions for three types of 
activation in the propyl bromides. Such a breakdown is based 
on the assumption that the reactions which are not affected 
by scavengers are nonthermal~ and those which are affected 
are thermal. 
In comparing the results of the (n~t) activation with 
those of the ((,n ) activation in liquid n-propyl bromide, 
one notes a much small~percentage of nonthermal inorganic 
reactions and a much larger percentage of thermal organic 
reactions for (o,n) activation. Only a slighty greater value 
is noted for the nontherma 1 organic reactions for ( Y, n) 
activation. The percentages for thermal inorganic reactions 
are essentially the same. 
Such a breakdown indicates a higher proportion of thermal 
reactions for the (6,n) than for the (n,~) activation method. 
The reason for the large decrease in nonthermal reactions is 
not too clear . Such a decrease would result partially from 
the increase in nonthermal organic yield because of the 
la,rger number 9f organic radicals expected in the "cage" 
wall for the (J',n) reaction. Any further decrease indicates 
a greater ability of recoil atoms to escape the "cage" wall 
and enter into thermal r eactions. One must remember that it 
is not necessary for a Br atom to undergo any reaction to 
end up in an extractable form. Once a Br atom gets away 
from · the initial high density of organic radicals, it will 
almost certainly be extracted as inorganic bromine whether 
inorganically combined or free. 
The artificial breakdown of reactions in solid n-propyl 
bromide as shown in Table 8 is probably far from being exact, 
but does indicate the presence of at least some thermal 
diffusion reactions in the solid. In both propyl bromides 
the relatively sharp initial drop in retention with added Br2 
is indicative of some thermal reactions. Certainly if an 
atom escapes the reaction "cage 11 while still in the pseudo-
liquid volume, it can diffuse some before resolidification 
takes place. As a re~ult of such diffusion it may quickly 
collide w~th one of the great number of radicals expected 
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Table 8 
Percentage Yields of Thermal and Nonthermal Reactions in 
n-Propyl Bromide 
Irradiation Conditions Liquid Solid at -196 
Mode of Activation (n,a)a ((, n) ( (, n) 
Type of Reaction Percentage Yields 
Nonthermal Inorganic 40 25 12 
Thermal Inorganic 26 28 3 
Thermal Organic 13 22 29 
Nonthermal Organic 21 25 56 
a From data of Roy, Hamill and Williams ( 82) . 
in the pseudo-liquid volume. One would expect very little 
diffusion and resultant thermal interaction once the medium 
had resolidified. 
c. 
One aspect which was not considered above is the effect 
of bromine on the crystal structure of n-propyl bromide. 
Another, of course, is the fact that large amounts of bromine 
would increase the number of inorganic radicals at the expense 
of the organic radicals. These effects might be partially 
responsible for the nonlinearity noted in Figure 9. If not 
all nonlinearity were due to scavenger action, the correct 
extrapolation to zero bromine concentration would result 
in a smaller value for thermal organic reactions than is 
listed in Table 8. 
Some Miscellaneous Comparisons 
One notable aspect of the data comparing the I.T., (n,X) 
and (~,n) reactions (See Table 6) is the yield of n-propyl 
bromide in liquid iso-prop~l bromide. Yields of 1% and 1.4% 
are noted for the Br79(n,o Br~O and B~8l(o,n)Br~Om reactions, 
respectively, while the Br Om(I.T.)Br~O reaction gives a 
yield of 2.7%. Since the Br8° from isomeric transition is 
highly charged, it would most likely react by means of an 
ionic mechanism. The higher yield for the I.T. reaction 
might indicate that an ionic mechanism for the production 
of n-propyl bromide from iso-propyl bromide is more highly 
favored than a radical mechanism. 
The recent data of Evans and Willard (5) has indicated 
a greater multiplicity of products than had previously been 
reported. Actually, in looking at the chromatographic patterns 
reported by the above workers it appears that most of the new 
products have boiling points higher than trimethylene bromide, 
which is the highest boiling fraction separated in the present 
work. It had been previously expected that several "polymer" 
compounds were produced, but no real attempt was made to 
determine their nature. 
Since n-butyl bromide and n-amyl bromide have boiling 
points very nearly coincident with methylene and ethylene 
bromides, respectively, part of the yields attributed to 
these latter two compounds could be attributed to the 
longer chain compounds. Chien (4) has reported a yield of 
about 0.3% for n-hexyl bromide in liquid n-propyl bromide 
with 5 mole %added Br2. This is a small yield and indicates 
that other long chain bromides would contribute very little 
to the total retention yield. 
Mechanism • 
Considering all the data here l isted and other previous 
data, a qualitative picture of the mechanism as it is under-
stood by the author is in order. 
For the irradiation of a liquid propyl bromide with 
high energy ~-rays the following description of the recoil 
process might be postulated. 
The nucleus of a Br81 atom is struck by a high energy 
t-ray forming a highly excited compound nucleus. The 
compound nucleus loses a neutron to form a BreO* nucleus 
which is still probably excited abo~~ its ground state 
level and therefore will emit some 0 -rays in stabilizing 
as a relatively stable Br80m atom. 
If the neutron is not given off within about lo-14 
seconds after the Y-ray hits the nucleus, bond rupture will 
occur as a result of recoil from the (-ray alone. The 
energy of recoil from such 6's will be about 2 to 5 kev. 
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But as soon as the neutron is emitted the Br80m atom will 
recoil with an energy of about 100 to 500 kev. There is 
~o question but that such energies will cause the recoil 
atom to break away from the parent molecule. 
Such high energy bromine atoms will undoubtedly cause 
a great degree of fragmentation in the immediate vicinity 
of their paths. But even with such high initial energies 
the average atom only requires about ten elastic collisions 
with bromine atoms to reduce its energy to the thermal 
energy range. 
As has been indicated b¥ the present research and 
other investigations (54,102), very few high energy bromine 
atoms undergo direct elastic collisions to form parent 
compounds. Of these few such collisions some could give 
rise to inorganic products as well as organic products. 
When the energy of the atom has decreased to about 
10 ev it collides with whole molecules in inelastic 
collisions. About 50% of these recoil atoms collide in 
such a way that they do not have enough energy to escape 
the "cagen of highly excited molecules and radicals 
directly surrounding them. The nature of the various 
products formed in such a "cage" and their relative yields 
is most likely dependent on two main factors: (l) the 
relative probabilities for the presence of various excited 
molecules or radicals in the reaction "cage" and (2) the 
ability of excited molecules or radicals to rearrange, 
split or polymerize into new chemical forms. According 
to the results of the present research, nonthermal "cage" 
reactions account for about 50% of all reactions. Half 
of these nonthermal reactions result in inorganic combina-
tion and half in organic combination. 
About 50% of the recoil atoms escape the reaction 
"cage" and thermally diffuse into the medium. In the 
immediate vicinity of the reaction ''cage'' a high density 
of free radicals is concentrated, consisting of fragments 
which were formed as the result of the energy transfer 
processes initiated by the recoil atom. 
The thermal atom may meet an organic or inorganic 
radical as it diffuses and thus enter into either organic 
or inorganic combination. Again the relative yields will 
depend on the relative probabilities for various radicals 
being formed. The fact that organic radicals will diffuse 
much more slowly than inorganic radicals, which are primarily 
H atoms, will result in a higher relative density of organic 
radicals with respect to inorganic ones. The diffusion rates 
would thus have something to do with the yields of products, 
a higher diffusion rate resulting in a lower yield. 
The mechanism in the solid is complicated by the fact 
that a pseudo-liquid or even gaseous volume is produced 
around the path of the recoil atom. The orientation of 
molecules in the solid and the fact that they are more 
tenaciously held together than in the liquid would probably 
give rise to a much greater amount of fragmentation in this 
pseudo-liquid volume than in the ordinary liquid. 
It is the postulate of this author that the more frag-
mentation that occurs, the higher will be the organic yield. 
This is based on two facts. (l) The breakage of C-C bonds 
increases the number of organic radicals without increasing 
the number of inorganic radicals. (2) Inorganic radicals 
will diffuse faster than organic radicals, resulting in a 
smaller concentration of inorganic radicals in the vicinity 
immediately outside the reaction "cage". On this increased 
fragmentation basis one would expect a higher proportion of 
thermal organic retention in the pseudo-liquid than in the 
ordinary liquid. The present results indicate some scaveng-
ing effect on thermal reactions in the solid state irradia-
tions, and such an effect would almost necessarily occur in 
a liquid medium where diffusion could occur. 
Any recoil atoms which were still uncombined upon 
reaching a semi-molten region would most likely enter 
organic combination because the organic radicals would 
be much less free to move than inorganic radicals, and, 
as was just mentioned_, the breaking of C-C bonds would give 
rise to organic radicals without producing inorganic 
radicals. 
Finally as reso l idification takes place, excitation 
") 
of molecules might be transferred from one molecule to 
the next. Thus, a recoil atom resting next to a molecule 
excited by such an energy transfer process might enter 
into combination with the molecule and be retained as 
organic yield. 
If the resulting structure were open enough a bromine 
atom might diffuse a little even in the solid, but this 
probably would not add appreciably to the retention. 
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Whatever the mechanism in the solid, one thing is certain 
in propyl bromides, the crystalline state definitely enhances 
the formation of organic products containing recoil atoms. 
This is something which has not been apparent for alkyl iodides. 
In postulating the above mechanisms for the propyl bromides 
it is painfully evident that not enough data are yet available 
to give a completely general picture of what happens when a 
solid is irradiated. Why are the retentions so different for 
alkyl bromides and so nearly the same in the alkyl iodides? 
Perhaps no such general picture will be forthcoming. That is 
to say, that variations in chemical nature may necessitate 
considering each system as a special case. 
The apparent differences of retention in the solid phase 
irradiation for various isotopes have not been satisfactorily 
explained, and future investigators should find work along 
these lines particularly fruitful in more completely explain-
,. ing the mechanisms. Perhaps relative diffusion rates of the · 
various isotopes are important in determining their retentions. 
Another aspect would be the importanre of delayed t •s on result-
ing chemical effects. Further data along these lines are much 
needed. 
Finally, the practical aspects of synthesizing tagged, 
organic compounds with recoil atoms is another phase of the 
field which should not be overlooked. 
CONCLUSIONS 
Five radionuclides have been observed in the present 
investigation. These a~e produced by the following nuclear 
reaQtions: BJ:'81()1,n)Br~Om, Br79£ Y,2n)Br77, Br79( r) ,3n)Br76, 
Brf:::I(Q',o..n)As74 and ~r,8l((,':J\n)As7 . Gross curvet~ were 
analyzed into the above component activitGes. The photo-
nuclear reactions to produce Br77 and Br7 have not pre-
viQusly been reported in the literature. The reaction 
Br~l(f,~)As77 which was previously reported was not here 
observed. 
Four ({,n) runs on liquid n-pr§8Yl bromide which had 
been extensively purified gave a Br m retention of 47.4 ± 
0.9%, compared to a Br~Om retention of 34% by (n,~) activa-
tion. The (o,n) value for iso-propyl bromide was 36%,which 
is highe~ than the reported 30% (n,f) retention value. The 
(t,n) Br~Om retentions in solid n-propyl and iso-propyl 
. 
bromides at -l96°C were found to be 85 and 96%, respectively, 
compared to the respective values of 78 and 83% previously 
reported for the (n,t ) Br80m reaction. These solid state 
results are in opposition to the initial recoil energy 
hypothesis postulated by Libby and coworkers. 
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The scavenging effects of bromine and ~, IB -dibrQmoeth¥lene 
which were noted in liquid n-propyl bromide for the Brbl((,n) 
Br80m mode of activation indicate a breakdown of reactions as 
follows: 25%, nonthermal organic; 22%, thermal organic; 28%, 
thermal inorganic; and 25%, nonthermal inorganic. The respec-
tive values for the (n,Y) reaction have been reported to be 22, 
12, 26, and 40%. 
Scavenger effects seem also to have occurred in crystalline 
propyl bromides at -196oc, providing evidence that thermal re-
actions occu~ in the pseudo-liquid volume which is produced in 
the solid around the recoil atom as it loses its energy to the 
solid medium. 
Irradiated samples of the propyl bromides were fractionally 
distilled to determine the percentage yields of many of the 
organic products formed as a result of the photonuclear pro-
dUction of Br80m. The yields in the solgd st9te g~ow a very 
striking similarity to those for the Br l(n,O)Br activation. 
In the liquid state there are noticeable increases in yields 
of compounds formed as the result of the. breakage of C-C bonds 
and in the yield of propylene bromide. The yield of parent 
compound in liquid n-propyl bromide containing 4.7 mole % 
addAd Br2 is only 8.8% compared to a yield of 19.8% in pure 
n-propyl bromide, which indicates that a large proportion of 
the parent compound is formed by thermal reactions. In the 
presence of Br2 as a free radical scavenger very striking 
agreement was observed between (t,n) and (n,() activation, 
indicating among other things t~pt the much greater energy 
of recoil atoms following the (6, n) reaction does not in-
crease the parent compound yield . 
The ratio of parent compound yield to total organic 
yield in liquid n-propyl bromide was found to be very nearly 
the same for Br76 and Br8~m. Elastic collision mechanisms 
to produce the parent compQund should result in a smaller 
ratio for Br7b than for BrbOm. 
• 
Analysis of decay curves resulting from ~-irradiation of 
solid n-propyl bromide at -l96oc into Br80m, Br76, and Br77 
activities allowed the calculation of retention values which 
76 
were, respectively0 87%, 67% and 62%. The large difference in the values for Br~ m and Br76 indicates some isotope effect. 
The values, however, represent the results of only a single 
run and could be in error. ·· The fact of importance here is 
that the curves can be analyzed, thus making such retention 
calculations possible. It is hoped that future investigators 
will check these values. 
The above results, in general, indicate some new ideas 
about the mechanism by which Br~Om atoms re-enter combination. 
It appears that the initial recoil energy is unimportant in 
determining yields, except in the greater production of radicals. 
The random fragmentation theory of Willard seems to be favored 
by the v~ry close similarity of percentage yields for the ((,n) 
and (n, ) modes of activation. To be more explicit, one might 
say that the relative yields of organic products are based 
mainly on the probabilities for the random formation of each. 
Elastic collision mechanisms at energies above 10 ev to produce 
the parent compound are not important, and probably contribute 
to not more than about 3% of the total retention. 
The greater production of radicals which occurs as a 
result of higher energy recoil atoms or as the result of a 
change of state from liquid to solid probably enhances 
retention for two main reasons. (1) Breakage of C-C bonds 
produces organic radicals but not inorganic ones; and (2) 
H atoms, which are the primary inorganic radicals, will 
diffuse away much faster than their organic counterparts. 
Both of these factors would increase the probability of a 
recoil atom being captured by an organic radical and thus 
increase the retention . 
The reasons for isotope effects are not clear from the 
data which have thus far been obtained. The relative dif-
fusion rates for the various isotopes may be important. 
Delayed j •s resulting in bond rupture after a recoil atom 
has recombined may also explain retention differences for 
various isotopes . The investigations of these aspects of 
the field should prove quite useful in gaining a better 
understanding of the various mechanisms by which recoil 
atoms re-enter combination. 
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